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Polymer nanocomposite foams have attracted tremendous interests due to their 
multifunctional properties in addition to the inherited lightweight benefit of being foamed 
materials. Polymer nanocomposite foams using high performance polymer and bio-
degradable polymer with carbon nanotubes were fabricated, and the effects of foam 
density and pore size on properties were characterized. Electrical conductivity modeling 
of polymer nanocomposite foams was conducted to investigate the effects of density and 
pore size. 
High performance polymer Polyetherimide (PEI) and multi-walled carbon 
nanotube (MWCNT) nanocomposites and their foams were fabricated using solvent-
casting and solid-state foaming under different foaming conditions. Addition of 
 vii 
MWCNTs has little effect on the storage modulus of the nanocomposites. High glass 
transition temperature of PEI matrix was maintained in the PEI/MWCNT 
nanocomposites and foams. Volume electrical conductivities of the nanocomposite foams 
beyond the percolation threshold were within the range of electro-dissipative materials 
according to the ANSI/ESD standard, which indicates that these lightweight materials 
could be suitable for electro-static dissipation applications with high temperature 
requirements.  
Biodegradable Polylactic acid (PLA) and MWCNT nanocomposites and their 
foams were fabricated using melt-blending and solid-state foaming under different 
foaming conditions. Addition of MWCNTs increased the storage modulus of 
PLA/MWCNT composites. By foaming, the glass transition temperature increased. 
Volume electrical conductivities of foams with MWCNT contents beyond the percolation 
threshold were again within the range of electro-dissipative materials according to the 
ANSI/ESD standard. The foams with a saturation pressure of 2 MPa and foaming 
temperature of 100 °C showed a weight reduction of 90% without the sacrifice of 
electrical conductivity. This result is promising in terms of multi-functionality and 
material saving. At a given CNT loading expressed as volume percent, the electrical 
conductivity increased significantly as porosity increased.  
A Monte-Carlo simulation model was developed to understand and predict the 
electrical conductivity of polymer/MWCNT nanocomposite foams. Two different foam 
morphologies were considered, designated as Case 1: volume expansion without 
nanotube rearrangement, and Case 2: nanotube aggregation in cell walls. Simulation 
 viii 
results from unfoamed nanocomposites and the Case 1 model were validated with 
experimental data. The results were in good agreement with those from PEI/MWCNT 
nanocomposites and their foams, which had a similar microstructure as modeled in Case 
1. Porosity effects on electrical conductivity were investigated for both Case 1 and Case 2 
models. There was no porosity effect on electrical conductivity at a given volume percent 
CNT loading for Case 1. However, for Case 2 the electrical conductivity increased as 
porosity increased. Pore size effect was investigated using the Case 2 model. As pore size 
increased, the electrical conductivity also increased.  
Electrical conductivity prediction of foamed polymer nanocomposites using FEM 
was performed. The results obtained from FEM were compared with those from the 
Monte-Carlo simulation method. Feasibility of using FEM to predict the electrical 
conductivity of foamed polymer nanocomposites was discussed. FEM was able to predict 
the electrical conductivity of polymer nanocomposite foams represented by the Case 2 
model with various porosities. However, it could not capture the pore size effect in the 
electrical conductivity prediction. The FEM simulation can be utilized to predict the 
electrical conductivity of Case 2 foams when the percolation threshold is determined by 
Monte-Carlo simulation to save the computational time. This has only been verified when 
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Chapter 1. Introduction 
1.1 MOTIVATION OF THIS RESEARCH 
Polymer nanocomposite foams with improved electrical conductivity have 
recently been studied for lightweight electrostatic discharge (ESD), electromagnetic 
interference (EMI) shielding, and lightning-strike protection applications. It is well 
known that a small amount of highly conductive nanoparticles, when well dispersed, 
could form a conducting network in the polymer matrix. Making these polymer 
nanocomposites into foams would create a new class of lightweight materials that will 
find many applications in aerospace, automotive, and electronics applications. ESD 
and EMI can be serious issues for electronics due to possible spark generation by 
static charge build-up and emitted electromagnetic waves that interfere with the 
operation of the electronic equipment [1]. To prevent ESD and EMI, metal-based 
materials either thin sheet metals or metal coated plastics, have been used 
traditionally. However, these materials suffer from problems such as being heavy, 
prone to corrosion, and difficult to process. Conductive polymer nanocomposite 
foams have distinct advantages compared to metal based materials, especially for 
ESD and EMI applications in aircrafts, space crafts, and automobiles due to their 







A variety of polymer matrices have been used to create foams with conducting 
fillers, including multiwall carbon nanotubes (MWCNTs), graphene platelets, and 
carbon nanofibers (CNFs) [2-10]. A key objective of recent studies is to improve the 
electrical conductivity, since it is the most important characteristic for ESD and EMI 
shielding applications. Although their electrical conductivities are high enough, the 
matrix materials used in previous studies all have a low service temperature and may 
not be suitable for high performance applications, such as aircraft interior. Therefore, 
it is needed to fabricate conductive nanocomposite foams using high performance 
polymer to take the advantages of matrix material properties such as the high glass 
transition temperature.  
Environmental issues have been considered as an important factor in plastic 
manufacturing, due to the increased demand to reduce land fill. Plastic consumption 
is subjected to increase by a factor of three in the current decade [11]. Especially, the 
lifetime of electronics is becoming shorter. Currently the average lifetime of 
consumer electronics is approaching to just several months [11]. Plastics used in these 
products start to become waste faster. Utilizing biodegradable polymers is considered 
to be a solution to reducing the plastic wastes. Therefore, in the area of conductive 
polymer nanocomposite foams, biodegradable polymers can be applied for 







Electrical conductivity modeling of nanocomposite foams would be useful for 
understanding and predicting the electrical property. However, little effort has been 
found in literature. In spite of the lack of theoretical studies on conductive foamed 
polymer nanocomposites, there are many research efforts devoted to understanding 
and predicting the electrical behaviors of unfoamed polymer nanocomposites with 
fibrous fillers using Monte-Carlo simulation. In this study the Monte-Carlo 
simulation method is applied to model the electrical conductivity of polymer 
nanocomposite foams. 
Monte-Carlo simulation requires lengthy computational time. To reduce the 
computational load, the finite element analysis (FEA) method is investigated for 
electrical conductivity prediction for foamed polymer nanocomposites. If this 
approach is feasible, the electrical conductivity prediction of foamed polymer 









1.2 RESEARCH OBJECTIVES 
The goal of this research is to investigate the effects of foam density and 
morphology such as pore size on electrical properties of polymer nanocomposite foams 
through both experimental and theoretical studies. Specifically, the following objectives 
have been identified.  
 To fabricate and characterize electrically conductive polymer nanocomposite 
foams with a high temperature polymer matrix and MWCNTs, 
 To fabricate and characterize electrically conductive polymer nanocomposite 
foams with a biodegradable polymer matrix and MWCNTs, 
 To model electrical conductivity of foamed polymer nanocomposites with fibrous 
nanofillers using Monte-Carlo simulation, and 
 To investigate the feasibility of using the finite element analysis method to predict 









1.3 ORGANIZATION OF THIS DISSERTATION 
This thesis is organized into seven chapters. Chapter 1 is a brief introduction to 
the motivation and objectives of this research. Chapter 2 provides a literature review on 
the state of the art of polymer nanocomposite foams research and electrical conductivity 
modeling of unfoamed polymer nanocomposites systems using 3-D Monte-Carlo 
simulation. The purpose of the simulation is to understand and predict electrical 
conductivity of foamed polymer nanocomposite foams. In Chapter 3, fabrication and 
characterization of polymer nanocomposite foams using a high performance polymer and 
carbon nanotubes were discussed. In Chapter 4, fabrication and characterization of 
polymer nanocomposite foams using a biodegradable polymer and carbon nanotubes 
were discussed. The foaming mechanisms of the nanocomposite foams discussed in 
Chapters 3 and 4 are different. In Chapter 5, electrical conductivity modeling of polymer 
nanocomposite foams was discussed using the Monte-Carlo simulation method for 
different foaming mechanisms. Chapter 6 describes the feasibility of using the finite 
element analysis method to predict the electrical conductivity of polymer nanocomposite 
foams. Finally, Chapter 7 provides a summary, including conclusions of the current 









Chapter 2. Literature Review 
2.1 POLYMER NANOCOMPOSITES 
Polymer nanocomposites are materials that are composed of polymer matrices and 
small amounts (a few wt% of polymer matrices) of nanometer-sized additives [12]. The 
purpose of producing polymer nanocomposites is to achieve great property improvement 
of polymer matrices such as mechanical, thermal, and electrical properties. A great 
amount of interfacial area between polymer matrices and nanometer-sized fillers is the 
fundamental to distinguish polymer nanocomposites from traditional polymer composites 
such as carbon fiber-reinforced polymer composites. Polymer nanocomposites could 
exhibit high performance characteristics beyond what traditional polymer composites had 
[12].  
2.1.1 Types of nanofillers in the polymer nanocomposites 
Koo [12] classified nanofillers into three types: one nano-scale dimension (nano-
platelet), two nano-scale dimension (nano-fiber), and three nano-scale dimension (nano-
particulate), depending on how many dimensions are nano-scaled. For example, 







scale among the three dimensions. Nanofillers with appropriate physical and dimensional 
properties can be selected depending on the application.  
Among various nanofillers, carbon nanotubes (CNTs), since their discovery in 
1991 [13], haven been considered as novel nanofillers and used extensively in both 
science and engineering due to their exceptional properties [14]. They showed a 
combination of excellent mechanical, thermal, and electrical properties, which any 
previous materials could not display [14]. There are two main types of CNTs, single-
walled carbon nanobutes (SWCNTs) and multi-walled carbon nanotubes (MWCNTs) 
depending on the number of rolled cylinder-shaped graphene sheets in the CNTs, and 
SWCNTs possess better physical properties in general [15]. Applications of CNTs in 
various technical areas such as automotive, aerospace, energy, and medicine include gas 
adsorbents, actuators, composite reinforcements, catalyst support, and chemical sensors 
[15]. Due to the excessively expensive material cost of SWCNTs (100 times more than 
that of MWCNTs) [12], MWCNTs could be a better alternative in various applications to 







2.1.2 Synthesis methods of polymer nanocomposites 
To synthesis polymer nanocomposites by incorporating polymer matrices and 
nanofillers, there are three representative methods, which are solution blending, melt 
blending, and in-situ polymerization [16]. In the solution blending method, nanofillers 
and polymer are mixed in a suitable solvent, and then the solvent is evaporated to form a 
composite. In general, mixing is performed by magnetic stirring and ultrasonication. A 
good solvent needs to be selected for polymer chain disentanglement [17]. A solution 
blending method is preferred especially for high temperature polymers due to the needs 
of high temperature for effective polymer flow in the melt blending process [18]. In spite 
of the advantage of this method, there are a few drawbacks. Residual solvent could affect 
the performance of the product, such that additional solvent removal processing is 
needed, which is time and energy consuming [19]. In addition, since large quantity of 
solvent needs to be used, this method would not be applicable for industrial applications 
due to economic and environmental issues.  
In the melt blending method, thermoplastic polymers and nanofillers are mixed by 
shear force created by single or twin screw extruder above the glass transition 
temperature for amorphous polymers and melting temperature for some semi-crystalline 
polymers [14]. The advantages of this method are its simplicity and compatibility with 







method is only limited to processing thermoplastic polymers. Some high temperature 
polymers need high processing temperature which might not be applicable with the 
existing industrial melt blending techniques. In addition, unexpected polymer degradation 
could happen in the presence of nanofillers under a high shear rate [21]. 
The in-situ polymerization method is especially important for insoluble and 
thermally unstable polymers, which the solution blending or melt blending technique 
cannot process [14]. Nanofillers are mixed with a low viscosity monomer solution, and 
mechanical treatment such as ultrasonication is used to achieve filler dispersion [22]. The 
advantage of this technique is that monomers having high diffusivity could infiltrate into 
the filler agglomerates to enhance their dispersion [23]. This method can be applied to 
process almost any kind of polymer composites [14], however, complexity of the 







2.2 POLYMER FOAMS 
Polymer foams are materials consisting of a solid polymer matrix and gaseous 
pores in the structure. Polymer foams are found almost everywhere in our life, such as 
disposable packaging of fast-food and cushioning of the furniture. Applications of 
polymer foams can be divided based on the density of foams [24]. High density foams, 
whose density is about 75 % - 90 % of the unfoamed polymers, are generally used as 
structural applications, such as battery cases, air-conditioner housing and bases, and 
washer tops and doors, where certain rigidity is need with weight reduction [24]. Low 
density foams, whose density is about 10 % to 20 % of the unfoamed polymers, are used 
in heat and sound insulation, shock mitigation, and floatation, and cushioning 
applications in automotive, marine, and construction applications [24].  
For foam synthesis, use of blowing agents is the most common method. Blowing 
agents are materials that create gaseous phase in the polymer. They can be divided into 
chemical and physical blowing agents. Blowing agents can be incorporated into polymer 
melt for a continuous foaming process where polymers go through gas saturation and 
foaming simultaneously, or into solid polymer with high pressure for a batch foaming 
process where polymers experience two separate steps, foaming agent saturation and 







2.2.1 Chemical foaming agents 
Foaming agents can be classified into chemical and physical blowing agents. 
Chemical foaming agents produce gaseous phases through heat-induced decomposition 
[24]. There are two types of chemical blowing agents, exothermic and endothermic. 
Exothermic blowing agents generates heat during the chemical reaction to produce gas, 
while endothermic blowing agents require heat to react [24]. Manufacturing polyurethane 
foams is an example to use chemical foaming agents, where isocyanate group reacts with 
water to produce amine and carbon dioxide (CO2) [25]. Using chemical foaming agents is 
especially beneficial to foam thermoset polymers such as polyurethane. It is because 
thermosets cannot be processed after curing. Adding chemicals in monomers enable 
foaming during curing. The drawback is the chemical residue. Using chemical blowing 
agents including azodicabonamide may not be suitable for food or biomedical device 
containers [24]. 
 
2.2.2 Physical foaming agents 
Physical foaming agents do not involve any chemical reactions during foaming. 
Physical foaming agents include atmospheric gases or volatile liquids that evaporate at 
certain conditions [24]. Nitrogen, CO2, helium, and argon are examples of permanent gas 
blowing agents. Chlorofluorocarbons (CFCs), hydrocarbons such as butanes and 
propanes, and chlorinated hydrocarbons such as dichloromethane (DCM) are examples of 







in industry; however, due to the depletion of the ozone layer by CFCs, it became illegal 
to use in the US from the year of 2010 according to the Montreal Protocol [26, 16]. Inert 
gases such as nitrogen and CO2 have attracted interests nowadays due to their 
environmentally friendly nature, especially CO2 for its higher solubility in polymers than 
that of nitrogen [27].   
 
2.2.3 Continuous foaming process 
Foaming processes can be classified by their continuity, to continuous and non-
continuous foaming processes. In continuous foaming process, blowing agent saturation 
and foaming are coupled in a one-step process. Extrusion foaming is a representative 
example of a continuous foaming process [28]. Polymer (thermoplastic) melt is saturated 
with a blowing agent (usually physical blowing agent), in a specially designed extruder 
barrel to withstand high pressure and temperature, and foamed when it exits through the 
die of the extruder. Phase separation and cell nucleation happen for highly pressurized 
homogeneous polymer/blowing agent system at ambient environment at extruder die by a 
rapid pressure drop, creating pores in polymer matrix. Pores grow until the temperature 
of the polymer/blowing agent system drops to its glass transition temperature (Tg), and a 
solid foam structure is obtained below Tg of the system [16, 23, 29]. Continuous foaming 







2.2.4 Non-continuous foaming process 
In a non-continuous foaming process, blowing agent saturation and foaming steps 
are decoupled into two separate procedures. Batch foaming is an example of non-
continuous foaming process. In a batch foaming process, polymer is saturated with a 
blowing agent under certain pressures and temperatures. If the saturation temperature is 
higher than Tg of the blowing agent saturated polymer, the release of pressure would 
result in cell nucleation and growth due to super saturation and softening of the system. If 
the saturation temperature is lower than the effective Tg of the polymer/blowing agent 
system, even though there is a super saturation due to the release of the pressure, the cell 
is not able to nucleate and grow. In this case, temperature needs to be raised above the 
effective Tg of the polymer/blowing agent system for foaming to occur. In spite of the 
low productivity of the process, de-coupled processing steps of non-continuous foaming 
allow independent manipulation of saturation and foaming steps, resulting in higher 
process flexibility [16]. 
 
2.2.5 Solid-state foaming  
Solid-state foaming is one of batch foaming processes, which saturate solid 
polymer with inert gases at a high pressure and form porous foams by a rapid drop in 
pressure or a rapid increase in temperature. CO2 is mostly used inert gas as the blowing 
agent in solid state foaming due to its non-toxicity, non-flammability, low environmental 
impact, and affordability [30, 31]. Solid-state foaming allows to process small batches of 







accessibility to the material due to high cost or complicated sample preparation [31]. In 
addition, because solid-state foaming is one of non-continuous foaming process, 
saturation and foaming steps can be manipulated separately, providing precise control 
over various foaming-related parameters. Separate manipulation of the process 
parameters would allow study of the effects of each parameter on foam morphology or 
material properties, which is also an important characteristics for laboratory experiments 
[31].  
2.3 POLYMER NANOCOMPOSITE FOAMS 
Polymer nanocomposite foams are literally foamed polymer nanocomposites, and 
they have attracted tremendous interests due to their improved mechanical, thermal, and 
electrical properties, in addition to the inherited lightweight benefit of foamed materials 
[16]. Small amounts of well-dispersed nano additives not only improve material 
properties from the functionality of nano additives, but also facilitate the bubble 
nucleation since they create more nucleation sites in the polymer. Compared to the 
conventional macro or micro-sized fillers, nanofillers generate large amounts of 
nucleation sites with relatively low filler loading [32], resulting higher cell density 
(number of cells in a unit volume) and smaller cell size, thus larger surface area in the 
foam structure. Polymer nanocomposite foams having unique combinational properties 
are a new class of materials, which could be solutions to problems which conventional 







2.3.1 Nucleation theory in polymer nanocomposite foams 
The classical nucleation theory is used to describe bubble nucleation in polymer 
nanocomposite foams. The nucleation process can be divided into homogeneous 
nucleation and heterogeneous nucleation, depending on the existence of the nucleation 
site. The basic difference between homogeneous and heterogeneous nucleation is the 
required activation energy for nucleation, which is Gibbs free energy (∆G). Activation 
energy for heterogeneous nucleation (∆Ghet) is proportional to that of homogeneous 
nucleation (∆Ghom), by a factor of S(ϴ) which is a function of the contact angle (ϴ) 
between gas and polymer/particle interface. Equation 2-1 shows the relationship between 
∆Ghet and ∆Ghom, and Equation 2-2 gives the function of S(ϴ) [23, 33].   
 
                           ϴ              (2-1)         









Figure 2-1. Difference in free energy of nucleation for homogeneous and heterogeneous 
nucleation [23, 33]. r
* 
is the critical nucleus size to proceed in a spontaneous 
nucleation process (From r
*
, growth in cluster size is not limited by 
nucleation, but by diffusion [34]). 
 
 
Since S(ϴ) < 1, ∆Ghet has to be less than ∆Ghom. Figure 2-1 shows the ∆G 
difference graphically. Reduced free energy for heterogeneous nucleation due to existing 
nucleation sites results in increase in nucleation density [16]. A higher nucleation density 
for a system having nucleation sites such as those in a polymer nanocomposite system 
would result in a higher cell density (# of pores in a unit volume of a foam structure) than 









2.3.2 Thermosetting polymer-based nanocomposite foams 
Polyurethane (PU)/MWCNT nanocomposite foams were fabricated by Xu et al. 
[7]. To synthesize nanocomposite foams, a variety of components were employed, such 
as polyether polyol, polyisocyanate, silicone glycol copolymer, triethanolamine, dibuyltin 
dilaurate, distilled water, and MWCNTs. MWCNTs were incorporated with polyether 
polyol separately. Polyisocyanate and distilled water reacted in the system, and gave CO2 
to form pores in the structure. Additional curing process was performed for polymer 
chains to cross-link. They fabricated PU/MWCNT foams with a porosity of 96% and the 
electrical conductivity of 10
-7 
S/cm. Further increase in porosity resulted in transition 
from conductor to insulator.  
Nanocomposite foams using elastomer were fabricated by Fletcher et al. [8] for 
flexible ESD and EMI shielding applications. MWCNTs were added to Fluorocarbon 
(FKM) and cured by Viton A Bisphenol. Celogen CE was used as the blowing agent. 
Percolation threshold was found at the MWCNT loading of 2 wt% for unfoamed and 4 
wt% for foamed nanocomposites. The maximum electrical conductivity of 10
-6 
S/cm and 
EMI shielding effectiveness of 20 dB was obtained with a MWCNT loading of 8 wt%. 
They achieved density reduction of around 23 to 30% for elastomer nanocomposite 









2.3.3 Thermoplastic polymer-based nanocomposite foams 
Many research efforts have been found regarding thermoplastic polymer 
nanocomposite foams with a variety of conventional polymer matrices having melting 
points of 100 to 250 °C and glass transition temperatures of around 100 °C or below. 
Polystyrene (PS) [35], polypropylene (PP) [36, 37], polycarbonate (PC) [38], poly(methyl 
methacrylate) (PMMA) [39], and polyethylene (PE) [40, 41] served as polymer matrices 
with nanoclay as nanofillers. Most of those research efforts focused on the effect of clay 
on foam morphology. It was found that addition of a small amount of nanoclay increased 
cell density and reduced cell size significantly [35-41]. Lee et al. [41] found that the 
dispersion of nanoclay is an important factor to achieve high cell density of PE/nanoclay 
nanocomposite foams. Fu et al. [39] found that addition of 0.5 wt% of nanoclay improved 
mechanical property of the nanocomposite foam, but more addition of nanoclay worsened 
the mechanical property due to the worse dispersion. They concluded that the optimum 
amount of nanofiller has to be selected to achieve improved mechanical performance.  
PS/carbon nanofibers (CNFs) nanocomposite foams were synthesized. Lee et al. 
[42] found that the addition of 0.1 wt% of CNFs to PS matrix decreased pore size from 
20 to 7.1 µm, and the addition of 1 wt% of CNFs decreased it down to 2.6 µm due to the 
higher nucleation density facilitated by the addition of CNFs. Yang et al. [6] used CNFs 
as nanofillers to improve the electrical conductivity of foams for lightweight polymeric 
EMI shielding applications. They achieved EMI shielding effectiveness of around 20 dB, 
which is required for commercial applications [5], with the addition of 20 wt% of CNFs. 







PMMA/MWCNT nanocomposite foams were fabricated by solid state foaming, 
and the effect of filler aspect ratio on morphology was investigated by Chen et al. [43]. 
They found that the foams with MWCNTs having a low aspect ratio of 130 showed 
higher cell density than a high aspect ratio of 380. With a lower CO2 saturation pressure 
of 11.6 MPa, the difference of cell density between the two foams having different filler 
aspect ratio was around 4 times. As saturation pressure went up, the cell density 
difference became smaller, and it became less than 2 times when the saturation pressure 
reached 15.8 MPa. They concluded that with a lower saturation pressure, nucleation sites 
are formed at the filler end region, such that a lower filler aspect ratio gave a higher cell 
density due to the larger number of nucleation sites at the filler ends. As saturation 
pressure increased, nucleation sites were able to be formed not only at the filler ends, but 
also on the filler wall region. As a result, the difference of cell density from the two foam 
groups having different filler aspect ratios became smaller. 
PS/MWCNTs nanocomposite foams were fabricated using a chemical foaming 
agent, (2,2’-azoisobutryronitrile, AIBN), and their EMI shielding effectiveness was found 
to be 20 dB with the MWCNT content of 7 wt% [5]. Density reduction of the foam was 
around 50%. Table 2-1 shows the comparison of the EMI shielding effectiveness of PS 
based nanocomposites with CNFs [6] and MWCNTs [5]. It was found that the use of 
MWCNTs showed a higher EMI shielding effectiveness than CNFs at the same filler 
loading. This was due to the larger filler surface area to interact with the electromagnetic 







Since their size is significantly smaller than that of CNFs, MWCNTs yield much large 
filler surface area when dispersed in the polymer foams.  
Table 2-1. Comparison of the EMI shielding effectiveness of PS-based nanocomposites 
with different nanofillers 
Filler content (wt%) 
EMI shielding effectiveness (dB) 
PS/MWCNTs foams [5] PS/CNFs foams [6] 
0.5 2.84 0.41 
1 5.73 0.73 
3 10.30 3.09 
7 18.56 8.53 
20  20.51 
 
PE/MWCNTs nanocomposite foams were fabricated and their electrical 
conductivity analyzed by Rizvi et al. [44]. They achieved electrical conductivity of 6Χ10-
8
 S/cm with the MWCNTs content of 5 wt%. The Young’s modulus of the composites 
was increased by 100% and the strength by 37% with the addition of 5 wt% MWCNTs to 
solid PE. However, foam mechanical properties were not reported.  
PMMA/graphene nanocomposites foams were fabricated using solid state 
foaming by Zhang et al. [2]. Specific mechanical properties (properties divided by 
density) were characterized. It was found that specific moduli and strength of 
PMMA/graphene nanocomposites decreased by foaming; however elongation at break 







electrical conductivity of 3Χ10-2 S/cm and EMI shielding effectiveness of 18 dB was 
obtained with the addition of 1.8 volume % of graphene.  
2.3.4 High performance polymer-based nanocomposite foams 
Polymer nanocomposite foams with conventional polymer matrices were 
discussed in Section 2.3.3. However, their service temperatures are limited, and may not 
be suitable for applications such as automotive and aerospace, where the resistance to 
high temperature is needed [45]. High performance polymers could be used instead of 
conventional polymers, such that the resultant nanocomposite foams could be used in a 
more stringent environment where high service temperature is required.  
Recently, Sorrentino et al. [45] fabricated poly(ether sulfone) (PES) based 
polymer nanocomposite foams with the solid state foaming method using CO2 as the 
blowing agent. PES is an amorphous polymer having a glass transition temperature of 
225 °C and a density of 1.37 g/cm3 [46]. Nano graphite and SiO2 nanoparticles were used 
as nanofillers. PES based nanocomposites were saturated at a pressure of 8 MPa at 50 °C 
and foamed. They investigated the effects of both nano graphite (0.1 to 2.5 wt%) and 
SiO2 nanoparticle (0.1 to 2 wt%) loadings on the density of PES based nanocomposite 
foams. First of all, as SiO2 nanoparticle loading increased from 0 wt% to 2.0 wt%, the 







samples foamed at 240 °C. However, for PES/nano graphite nanocomposite foams 
foamed at 240 °C, as nano graphite loading increased from 0 wt% to 0.1 wt%, the relative 
density decreased from 20% to 15%. Further increase in nano graphite from 0.1 wt% to 2 
wt% increased the relative density from 15% to 33%. In general, addition of nanofillers 
prevented cell growth causing higher density due to high viscosity. Decrease in density 
with the addition of 0.1 wt% nano graphite was not explained.  
2.3.5 Biodegradable polymer-based nanocomposite foams 
Biodegradable polymers can be utilized to fabricate polymer nanocomposite 
foams in order to take advantages of their functionality for tissue engineering and light-
weight, biodegradable electronics applications. For tissue engineering applications, 
porous biodegradable polymers such as poly(glycolic acid) (PGA) and poly(lactic acid) 
(PLA) were commonly used for tissue engineering scaffolds [47]. However, the 
mechanical property of those porous scaffolds showed insufficient stiffness and 
compressive strength compared to human bone, such that the use of nanofillers is 
considered to improve the property [47]. In addition to the mechanical property, having 
electrical conductivity in the biodegradable scaffold plays a role to direct cell growth, 
because electricity stimulus can be conducted into the tissue healing process. Therefore, 
conductive nanofillers such as CNTs are considered to reinforce biodegradable polymer 







Having electrical conductivity in biodegradable polymer nanocomposite foams 
can also be utilized in the area of lightweight biodegradable ESD and EMI shielding 
applications, which could be beneficial for environment when disposed after the end of 
device life. Thomassin et al. fabricated PCL/MWCNTs nanocomposite foams for EMI 
shielding applications using solid-state foaming with CO2 as a blowing agent [3]. 
Poly(caprolactone) (PCL) is one of biodegradable polymers. They achieved EMI 
shielding effectiveness of 60 to 80 dB with MWCNTs contents of only 0.25 vol%, with 
the density reduction of around 70% from the unfoamed. It was observed that foamed 
PCL/MWCNT nanocomposites showed high EMI absorption capability than reflection 
which could prevent damage or interference of devices from reflected electromagnetic 
waves. It is because dielectric constant of the material by foaming decreased from 3.5 to 
1.2, which is close to the value of air (dielectric constant of air is one), such that 
mismatch between the dielectric constants of the materials and surrounding atmosphere 
(air) reduced, causing the low reflection but high absorption [3]. Foaming biodegradable 
PCL/MWCNT nanocomposites resulted in lightweight electromagnetic wave absorber 
maintaining the biodegradability of the host matrix. 
Pilla et al. fabricated PLA/MWCNTs nanocomposite foams, and their specific 
mechanical properties were characterized [48]. They found that addition of 1.5 wt% of 







samples due to potentially poor filler dispersion, which might cause stress concentration 
or weak interfacial interactions between the matrix and fillers. However, there was no 
significant loading effect found on specific Young’s moduli of foamed samples.  
Rizvi et al. fabricated PLA/MWCNTs nanocomposite foams using solid-state 
foaming method with CO2 as a blowing agent [49]. They have investigated effect of 
MWCNTs loading on porosity, pore size, and cell density. It was found that as MWCNT 
loading increased, porosity increased in general due to the fact that higher viscosity of the 
nanocomposites suppressed pore collapse during the foaming process. Smallest pore size 
(50 µm) and the highest cell density were found with a medium MWCNT loading of 0.5 









2.4 ELECTRICAL PROPERTY MODELING OF POLYMER NANOCOMPOSITES 
Electrical properties of polymer nanocomposite foams are an interest of research 
for tissue engineering and lightweight ESD and EMI shielding applications. Theoretical 
study on electrical properties of polymer nanocomposite foams would be an interesting 
topic in order to predict properties such as percolation threshold or electrical 
conductivity. However, no research effort has been found on modeling of electrical 
property of polymer nanocomposite foam systems. In spite of the lack of theoretical 
studies on foamed polymer nanocomposites, there are many research efforts to 
understand and predict electrical behaviors of unfoamed polymer nanocomposites with 
fibrous fillers using Monte-Carlo simulation. The Monte-Carlo simulation method to 
understand electrical conductivity behaviors with randomly distributed fibrous fillers 
consists of three steps in general: model generation, equivalent network construction, and 
electrical conductivity calculation. 
To model the electrical conductivity of a polymer nanocomposite foam system, it 
is needed to have a good understanding on electrical property modeling of unfoamed 
nanocomposite systems. In this section, the Monte-Carlo method, which is a common 
technique to model the electrical property of insulator/fibrous conducting filler composite 








2.4.1 Two dimensional Monte-Carlo simulation of insulator/fibrous conducting filler 
composite systems 
Pioneered work of electrical percolation modeling in a 2D space was done by 
Pike and Seager [50]. They considered nanofillers as straight sticks having a fixed length 
and zero width. They assigned a constant number of sticks and varied their length to 
determine the minimum required length to achieve percolation. Based on the work by 
Pike and Seager, Balberg et al. obtained the actual resistance from a resistor network 
transformed from a conducting stick system, as shown in Figure 2-2 [51]. Only contact 
resistance was considered to construct the resistor network. They assigned a constant 
number of sticks and attempted to find the resistance change depending on the different 
length of sticks. As the stick length increased, resistance decreased. They found a linear 
relationship between (L-Lc)
2
-1 vs. 1/resistance, where L is the length of the sticks and Lc 
is a critical length for percolation.  
 
 







Du et al. [52] investigated the effect of carbon nanotube alignment on electrical 
conductivity of composites at percolation. Carbon nanotubes were considered as zero 
width sticks in a 2D space. Alignment of the tubes was determined by an angle ϴ with 
respect to the y axis. Figure 2-3 (a) shows 50 sticks having angles between -90° to 90°, 
and (b) shows highly aligned 100 sticks having angles between -5° to 5°, and (c) shows 
100 sticks having angles between -90° to 90°, which formed a percolation path. It was 
found that in general, alignment of fillers gave worse electrical properties such as a high 
percolation threshold and a low electrical conductivity. However, it was found that the 
maximum electrical performance was found at around -80° < ϴ < 80°, showing that a 












Figure 2-3. Sticks in a unit square. (a) 50 sticks having angles between -90° to 90° with 
respect to y axis, (b) 100 sticks having angles between -5° to 5°, and (c) 100 











2.4.2 Three dimensional Monte-Carlo simulation of insulator/fibrous conducting 
filler composite systems 
Research efforts regarding electrical percolation and conductivity modeling using 
the Monte-Carlo method were found in a 3D space, which could yield more realistic 
results. The first Monte-Carlo simulation with sticks in a 3D space was done by Balberg 
et al. [53] in 1984. They investigated the effects of filler aspect ratio (length/radius) and 
anisotropy on electrical performance. They found a linear relationship between the aspect 
ratio and 1/Nc, where Nc is the critical concentration at percolation. For the anisotropy 
effect, they found that the effect of orientation randomness in 3D is more significant than 
that in 2D.  
Ounaies et al. [54] used 3D Monte-Carlo simulation to predict the percolation 
threshold of polyimide/single walled carbon nanotube (SWCNT) nanocomposites. They 
created cylinders in a cube structure for the simulation, as shown in Figure 2-4. The 
percolation threshold from numerical simulation was higher than the value from 
experiment. They speculated that the discrepancy was because that in the simulation 
SWCNTs could penetrate each other, whereas in real case they could not. Overlapping 









Figure 2-4. Numerical model with randomly distributed sticks [54]. 
In a real polymer/CNT nanocomposite system, nanofillers cannot be straight 
sticks or cylinders, but have certain waviness. Yi et al. introduced the effect of fiber 
waviness on electrical percolation threshold by setting fibers as a sinusoidal curves 
(y=Asin(wt)) [55]. They found that increase in waviness of nanofillers increased the 
percolation threshold, suggesting that more nanofillers would be needed for electrical 
percolation if the fibers were curved.  
Hu et al. [56] performed 3D Monte-Carlo simulation to investigate the effect of 
filler waviness and aggregation on electrical percolation and conductivity. Their fiber 
generation method was different from the one in Yi et al. As shown in Figure 2-5, they 
created connected straight sticks having a certain angle which determine the fiber 
waviness. As reported by Yi et al., increased filler waviness increased the percolation 







effect of filler aggregation, they created spherical aggregates using the Box-Muller 
method, which generates fillers in confined spheres with a normal distribution as shown 
in Figure 2-6. They found that high degree of aggregation increased the percolation 
threshold and decreased the electrical conductivity.  
 
  











Figure 2-6. Numerical model with aggregated fibers having different degree of 








Chapter 3. Polyetherimide/Carbon Nanotube Nanocomposite Foams: 
Fabrication and Characterization 
3.1 INTRODUCTION 
Polymer nanocomposite foams have attracted tremendous interests due to their 
improved mechanical, thermal, and electrical properties, in addition to the inherited 
lightweight benefit from foamed materials [16]. A large amount of research has been 
conducted, with early work focusing on improving the foam morphology and mechanical 
properties, such as the elastic modulus and strength. Nanoparticles such as nanoclay, 
carbon nanofiber (CNF), and carbon nanotubes (CNTs) were used with a wide range of 
polymer matrices [35-38,57-65], and have been shown able to increase the nucleation 
density and reduce the cell size of the polymer foams. Polymer foams reinforced with 
CNF and CNTs exhibited substantially improved mechanical properties compared to their 
neat polymer counterparts [16].  
Polymer nanocomposite foams with improved electrical conductivity have 
recently been studied for lightweight electrostatic discharge (ESD), electromagnetic 
interference (EMI) shielding, and lightning-strike protection applications. It is well 
known that a small amount of highly conductive nanoparticles, when well dispersed, 
could form a conducting network in the polymer matrix. Making these polymer 







find many applications in aerospace, automotive, and electronics applications. ESD and 
EMI can be serious issues for electronics due to possible spark generation by static 
charge build-up and emitted electromagnetic fields that interfere with the operations of 
the electronic equipment [1]. To prevent ESD and EMI, metal-based materials either thin 
sheet metals or metal coated plastics, have been used. However, these materials suffer 
from problems such as being heavy, prone to corrosion, and difficult to process. 
Conductive polymer nanocomposite foams have distinct advantages compared to metal 
based materials, especially for ESD and EMI applications in aircrafts, spacecrafts, and 
automobiles due to their desirable lightweight properties. 
A variety of polymer matrices have been used to create foams with conducting 
fillers, including multiwall carbon nanotubes (MWCNTs), graphene platelets, and CNF. 
A key objective of recent studies is to improve the electrical conductivity, since it is the 
most important characteristic for ESD and EMI shielding applications. Table 3-1 
provides a summary of the recent studies found in literature on conductive polymer 
nanocomposite foams. Most of the matrix materials were thermoplastics with the glass 
transition temperature (Tg) ranging from -110 to 105 °C and the melting temperature 
from 65 to 240 °C. The pore size ranged from sub-micron to a few hundreds of 
micrometers. Most of the foams have a relative density between 4-85%, which 







sometimes on the millimeter scale. The electrical conductivity varied dramatically among 
different studies, from 0.1 S/cm to 6x10
-8
 S/cm, depending on the filler type, loading, 
pore size, and relative density. Graphene based materials seemed to have a higher 
electrical conductivity than CNT based ones. A higher loading of the conducting phase 
generally contributed to a higher composite conductivity. Several studies also included 
mechanical property testing, which is noted in the table. Although their electrical 
conductivities are high enough for ESD or EMI shielding applications, the matrix 
materials all have a low service temperature and may not be suitable for high 
performance applications, such as aircraft interior.  
In this chapter, polyetherimide (PEI)/multi-wall carbon nanotube (MWCNT) 
nanocomposite foams were fabricated and their electrical and mechanical properties were 
characterized. PEI is a high performance polymer with a glass transition temperature of 
217 °C and a melting temperature of 340 °C. By using PEI as the matrix material, the 
resultant nanocomposite foams could be used in a more stringent environment where a 
high service temperature is required. In addition, PEI performs well with low 
flammability and low levels of smoke generation while it burns. The fabricated 
composite foams could be used for aerospace and automotive components to satisfy the 







Table 3-1. Summary of polymer nanocomposite foams with conductive nanofillers 
















TPU -20 to  20 180 MWCNT 5 30 NA [9] 












PMMA 105 160 MWNT 0.5-
2.5 
25-30 NA [43] 
PMMA 105 160 MWCNT 5-30 NA NA [66] 





 (5 wt%)-AC 
[4] 













 (7 wt%) 
[5] 














FKM Thermosetting  MWCNT NA NA 10
-6 
S/cm 











PEI powder (ULTEM 1010P) was supplied by SABIC Innovative Plastics Co. 
PEI is a semi-transparent thermoplastic material with high strength and stiffness. The 
molecular structure of PEI is shown in Figure 3-1. The density, mechanical and thermal 
properties are shown in Table 3-2. Carboxyl group (COOH) functionalized multiwall 
CNTs (MWCNTs) were used in this study to improve the dispersion of nano additives by 
electrostatic repulsion of the functional groups. The functionalized MWCNTs were 
purchased from Cheap Tubes Inc. (Purity > 95%; diameter ~20 nm; length 10-50 µm; and 
the COOH group content 2.5%). Scanning electron microscopy (SEM) images of Cheap 
Tubes are shown in Figures 3-2 and 3-3 with different magnifications. Dichloromethane 
(DCM) from Fisher Scientific was used as the solvent to fabricate the PEI/MWCNT 
nanocomposites. For foaming, CO2 was used as the blowing agent. 
 









Figure 3-2. An SEM image of Cheap tubes with the scale bar 40 µm. 
 
 












Tensile stress at yield (MPa) 110 
Tensile strain at yield (%) 7 
Glass transition temperature (C) 216 
Service temperature (C) 170 
Processing temperature (C) 350 








3.2.2 PEI/MWCNT Composite Fabrication 
PEI/MWCNT nanocomposites were fabricated using a solvent casting method. A 
schematic of the nanocomposite fabrication procedures is shown in Figure 3-4. The PEI 
powder was dissolved in 90ml DCM with a weight ratio of PEI:DCM = 1:7. Selected 
amounts of MWCNTs were dissolved in 45ml DCM separately. Probe-type sonication 
(VC 750, Sonics and Materials Inc., USA) was used to disperse the CNTs at a power of 
150W for 30 minutes. Then the 90ml PEI solution was added to the 45ml DCM/MWCNT 
suspension. The mixture was stirred with a magnetic stirrer at room temperature for 45 
minutes. The solution was then probe sonicated again for 45 minutes at a power of 150W. 
The resultant PEI/MWCNT/DCM solution was cast in a Teflon-coated metal mold (400 
cm
2
) at room temperature and left dry overnight. 
Cua [23] found that the use of DCM was not preferred for solvent casting of PEI 
because of the rough surface texture as shown in Figure 3-5(a). Because of the volatility 
of DCM, the solvent evaporation rate is high on the top surface compared to the bottom 
in the cast. Fast solvent evaporation at the surface causes de-swelling and rearranging of 
the polymer chains due to the favorable interactions with other like chains, resulting in 
surface contraction. A paper cover was used to slow down the evaporation rate, and 
smooth samples were obtained as shown in Figure 3-5(b). The thickness of obtained 








Figure 3-4. Nanocomposite fabrication procedures. 
 
 
Figure 3-5. Solvent casted PEI/MWCNTs without a paper cover (a) and with a paper 







3.2.3 Residual Solvent Extraction 
Residual solvent needs to be removed from the nanocomposite samples to ensure 
the mechanical property and foam-ability. For the first step of solvent extraction, 
nanocomposite samples dried overnight in the mold were saturated in supercritical CO2 
(ScCO2) until the equilibrium. When it is above the critical point (7.4 MPa and 31 °C as 
shown in Figure 3-6), CO2 behaves like a fluid with a high diffusivity. A syringe pump 
(Teledyne ISCO 260D, USA) was used to compress CO2 up to the desired pressure. This 
system was used for gas saturation for foaming as well later. The temperature of the 
pressure vessel is adjusted by a heater attached to the pressure vessel. In this experiment, 
8 MPa and 35 °C were chosen to achieve a supercritical state of CO2. In the ScCO2 
saturation step, the DCM molecules attained increased diffusivity due to the plasticizing 
effect of the saturated CO2. The DCM could diffuse out with the CO2 influx [19,68]. The 
ScCO2 saturation step at 8 MPa and 35 °C took less than 1 day. CO2 saturated samples 
were then placed in a vacuum oven for one day (MTI, USA) at 100 °C to extract CO2. 
The duration of this treatment was determined by a mass loss study on solvent fabricated 
PEI films, as shown in Figure 3-7. The vacuum oven treatment itself was not effective, 
while the introduction of 1 day ScCO2 saturation followed by 1 day vacuum oven 
treatment showed superior performance compared to 2 days of vacuum oven treatment 







solvent extraction further, such that 1 day ScCO2 and 1 day vacuum treatment was 
chosen for solvent extraction in this study. It was showed that the average total weight 
loss during solvent extraction was around 13-14% of the initial sample weight.  
 
Figure 3-6. CO2 pressure-temperature phase diagram [69]. 










Figure 3-7. Samples mass loss% for different solvent extraction treatments.  
 
Figure 3-8 shows dynamic mechanical analysis (DMA) tests for neat PEI before 
and after solvent extraction treatments. It was shown that after solvent extraction, storage 
modulus increased to 2.5 GPa, and the glass transition temperature increased to around 
215 °C which is close to the reference value. This confirms that the residual solvent was 


































# of days for treatments 
Vacuum oven treatment only
Vacuum oven(3d)+ScCO2(3d)+Vacuum oven(1d)









Figure 3-8. Mechanical and thermal property of PEI before and after solvent extraction. 
 
3.2.4 Foaming of Nanocomposites 
The PEI/MWCNT nanocomposites were foamed using a solid-state foaming 
method as shown in Figure 3-9. Solid-state foaming is a two-stage process, consisting of 
gas saturation and foaming. In the gas saturation stage, a sample is placed in a high 
pressure vessel connected to a syringe pump for gas saturation for 24 hours with CO2 in 
this study. After 24 hours of saturation, CO2 uptake of samples saturated at 4 MPa and 8 
MPa were around 8 wt% and 10 wt%, respectively. The gas-saturated samples were 
retrieved from the pressure vessel. The elapsed time from the sample retrieval to foaming 
is termed as desorption time. In the actual foaming stage, by introducing a rapid heat 























































representative solid state foaming methods, hot platen foaming and hot bath foaming. The 
former produces flat samples for easy material characterization, whereas the latter 
provides uniform and rapid heat transfer to the samples. For ease of characterization, the 
hot platen foaming method with additional weight of 6.8 kg was used in the study. Figure 
3-10 shows the hot platen foaming setup. Table 3-3 shows the experimental factors for 
the foaming study. 
Table 3-3. Experimental factors for foaming 
Factors 
Values 
Set 1 Set 2 Set 3 Set 4 
Saturation pressure 4 MPa 4 MPa 8 MPa 8 MPa 
Foaming temperature 155 °C 185 °C 155 °C 185 °C 
Saturation time 24 hours, saturation temperature 20 °C, desorption time 20 min, and 









 Figure 3-9. A schematic of the solid state foaming process. 
 
 








Volume DC electrical conductivities of samples were measured with a 
commercial multimeter (HHM93, Omega, USA) for low resistivity and an Ohmmeter 
(Super Megohmmeter, Hioki 8220, Japan) for high resistivity with a set of high 
resolution electrodes (SME 8311, Hioki, Japan). Densities of the samples were obtained 




     
         g/cm3    (3-1) 
      
where Wa is the sample weight in air, and Ww is that when immersed in water. Weight 
measurements were performed with a precision lab balance (ML53, Mettler Toledo, 
Switzerland). The ratio of the foamed sample density to that of the unfoamed is defined 
as the relative density of the foam.  
Microstructures of the samples were observed using a Quanta 650 FEG scanning 
electron microscope (FEI Company, USA). The samples were freeze-fractured in liquid 
nitrogen to avoid damage of the imaging surface by shear force from tools like scissors. 
The surfaces to be observed were coated with gold and palladium (Au/Pd) using a sputter 
coater (EMS 500X, Electron Microscopy Sciences, USA) to prevent charging on the 
surface, which is not preferred for imaging.  
Cell size measurement was conducted with the SEM images using Image J, which 
is imaging software from National Institutes of Health. Cell diameters of 20 cells were 







number of bubbles per cm
3
) of each set of the samples were obtained using the following 
equation [35].  
 
Nf = (




        (3-2) 
where 
n = number of bubbles in a micrograph 
A = area of the micrograph, cm
2
 
M = magnification factor of the micrograph 
 
Thermo-mechanical properties were characterized using a dynamic mechanical 
analyzer (DMA) (Q800, TA instruments, USA) with a temperature ramp rate of 3°C/min, 
and a frequency of 1 Hz. DMA was used to determine the stiffness and the glass 







3.3 RESULTS AND DISCUSSION 
3.3.1 Microstructure observations 
SEM images of unfoamed neat PEI are shown in Figures 3-11 and 3-12, and SEM 
images of PEI with 2 wt% of MWCNTs are shown in Figures 3-13 and 3-14 at different 
magnifications. There was no MWCNTs aggregation found from low magnification SEM 
images as shown in Figure 3-13. Dispersed MWCNTs throughout the polymer matrix 
were found, as seen in Figures 3-14. Those observations confirmed good nanofiller 
dispersion in the polymer matrix. 
SEM images of nanocomposite foams with various foaming conditions and 
MWCNT loadings are shown in Figures 3-15 and 3-16. Different cell sizes were found 
for different foaming conditions. Foams with conditions of Set 1 and Set 2 (saturation 
pressure of 4 MPa) had cell sizes around 750 nanometers and those with conditions of Set 
3 and Set 4 (Saturation pressure of 8 MPa) had cell sizes around 450 nanometers. The 
pore size measurement results are shown in Figure 3-17. It was found that the cell size 
depended on saturation pressure and that foaming temperature did not affect the cell size. 
Those behaviors could be explained using Eqn. (3-3) [16] regarding nucleation density. 
Sets 3 and 4 had a higher gas concentration (C) than Sets 1 and 2 due to the higher 
saturation pressure. Therefore, the nucleation density was higher, leading to more nuclei 
and smaller cell size. Sets 1 and 2 have the same saturation pressure, but different 







nucleation density according to Eqn. (3-3). However, the higher foaming temperature 
could have caused larger final cell sizes.  
 
 
Figure 3-11. Neat PEI, scale bar: 10 µm. 
 
 









Figure 3-13. PEI/MWCNTs (2 wt%), scale bar: 10 µm. 
 










Figure 3-15. SEM images of foamed samples (Sets 1 and 3) with various MWCNT levels 










Figure 3-16. SEM images of foamed samples (Sets 2 and 4) with various MWCNT levels 








Cell density of nanocomposite foams mainly depended on the saturation pressure, 
as shown in Figure 3-18. However, it was also found that the foams obtained at higher 
foaming temperatures had a relatively higher cell density than those foamed at lower 
foaming temperatures. This could be explained by Equation (3-3) as well. Even though 
the final cell sizes are the same for foams foamed at different foaming temperatures under 
the same saturation pressure, the wall thickness of the cells foamed at the higher foaming 
temperature is much thinner, meaning that there were more pores in the unit volume.  
 
                    
   
   
             (3-3) 
where 
N = nucleation density 
C = #of gas molecules dissolved in unit volume 
f = kinetic pre-exponential factor 
∆G = Gibbs free energy for nucleation 
k = Boltzmann’s constant 








Figure 3-17. Foam cell size plot for each experimental set (20 cells are measured for each 
condition). 
     
























4MPa_155°C (Set 1) 4MPa_185°C (Set 2)
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Another observation from the cell density result is that as MWCNT content 
increased there was no change in cell density. It is not common to the heterogeneous 
nucleation phenomenon under existence of reinforcements in a system. In a 
heterogeneous nucleation process, ∆G decreases due to the existence of extra nucleation 
sites, resulting in a high nucleation density [33]. It is believed that there were still some 
DCM molecules left to interact with MWCNT functional groups even though the amount 
of them was negligible by weight. As the amount of CNT increased, the number of 
functional group also increased, yielding a higher chance for DCM to interact with them. 
Because of the higher number of DCM molecules left, they also contributed to pore 
creation, since DCM is a well-known chemical blowing agent. This could result in 
collapsing of the pores created by CO2. Therefore, even though ∆G was lowered, cell 
density did not increase due to the pore collapsing.  
Relative densities of the nanocomposite foams were measured and the results are 
shown in Figure 3-19. Relative density mainly depended on foaming temperature. The 
higher the foaming temperature, the lower the density in general. In addition, it was 
found that foams with a higher saturation pressure showed a higher density. 
Conventionally, the more the blowing agent is in the material, the more total expansion 
there will be in the material. However, due to the hot press foaming method used in this 
study, the opposite phenomenon was found. With a higher gas concentration in the 
system, the effective glass transition temperature (Tg’) decreases accordingly due to the 
plasticizing effect. Therefore, at the same foaming temperature, if the material has more 







is more likely to be affected by pressure, resulting in less cell growth and thus higher 
density.   
 

























4MPa_155°C (Set 1) 4MPa_185°C (Set 2)







3.3.2 Thermal and Mechanical Properties of Nanocomposites and Foams 
Mechanical and thermal properties of PEI/MWCNTs nanocomposites with 
various MWCNTs loadings were examined with DMA tests as shown in Figure 3-20. 
Storage moduli at 50 °C and Tg’s of these samples are shown in Figures 3-21 and 3-22, 
respectively. The storage modulus of neat PEI samples was around 2.7 GPa. It increased 
to around 2.8 GPa as MWCNTs were added. However, this increase may not be 
statistically significant. The Tg’s of the nanocomposites were found around 210 °C 
showing that the solvent casted PEI/MWCNT nanocomposites maintained the excellent 
thermal property of neat PEI and could be used in high temperature situations.    
 
 


































Figure 3-21. Storage moduli of unfoamed PEI with various MWCNT loadings (2 samples 
were tested for each condition). 
 
Figure 3-22. Tg’s of unfoamed PEI with various MWCNT loadings (2 samples were 


























































DMA tests were also performed on foamed neat PEI with four different foaming 
conditions. It was discussed that Sets 1 and 2 had pore size of ~750 nm, and Sets 3 and 4 
had that of ~450 nm. Relative density of Sets 1 and 3 was ~65 %, and that of Sets 2 and 4 
was ~ 45 %. The results are shown in Figure 3-23. Normalized storage moduli by 
(relative density)
2
 at 50 °C and Tg’s are shown in Figures 3-24 and 3-25 under different 
foaming conditions. The reason for the normalization of storage moduli by (relative 
density)
2 
is that Moore et al. [70] discovered that foam stiffness decreased by (relative 
density)
2
. Therefore, it is reasonable to compare stiffness of polymers with the values 
normalized by (relative density)
2
, when the density of material needs to be considered. 
Normalized storage moduli of foamed neat PEI were around 2.5 to 2.7 GPa, showing 
good agreement with that of unfoamed neat PEI. Effects of different foaming conditions 
(or foam morphology such as cell size and relative density) on the normalized storage 
moduli of foamed neat PEI was found to be insignificant, as shown in Figure 3-24.  
High thermal property from PEI matrix was maintained for foamed neat PEI, 
showing Tg’s around 220 to 225 °C in Figure 3-25. Tg’s of the foamed samples were 
higher than that of unfoamed samples and even that of the reference value (216 °C). This 
might be because of the following reasons: 1) During the foaming process, the remaining 
solvent was removed; 2) Due to the decreased thermal conductivity for foams the heat 
was not effectively delivered to the sample. Effect of different foaming conditions or 
foam morphology such as the cell size and relative density on the Tg’s of the foamed neat 













Figure 3-24. Storage moduli of neat PEI foams with four foaming sets (normalized by 
(relative density)
2













































Foamed Set 1 (Neat)
Foamed Set 2 (Neat)
Foamed Set 3 (Neat)





















































Figure 3-25. Tg’s of neat PEI foams under four foaming conditions (2 samples were 
tested for each condition).  
DMA tests were performed for foamed PEI/MWCNT (2 wt%) nanocomposites 
with four different foaming conditions. The results are shown in Figure 3-26. Normalized 
storage moduli by (relative density)
2
 at 50 °C and Tg’s are shown in Figures 3-27 and 3-
28, respectively. Normalized storage moduli of foamed PEI/MWCNTs (2 wt%) 
nanocomposites were between 2.7 to 3.0 GPa, showing good agreement with the storage 
modulus of unfoamed PEI/MWCNTs (2 wt%) nanocomposites. Effect of different 
foaming conditions (or foam morphology such as cell size and relative density) on 
normalized storage moduli of foamed PEI/MWCNTs (2 wt%) nanocomposites was found 



































of the PEI matrix was maintained. The Tg of foamed nanocomposites was 225°C, as 
shown in Figure 3-28.  
 
 
Figure 3-26. Mechanical and thermal property of PEI/MWCNT (2 wt%) nanocomposite 


















































Foamed Set 1 (2wt%)
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Figure 3-27. Storage moduli of PEI/MWCNT nanocomposite foams under four foaming 
conditions (normalized by (relative density)
2
) at 50 °C. 
 
















































































3.3.3 Electrical Conductivity of Nanocomposites and Foams 
Volume electrical conductivity of PEI/MWCNT nanocomposites and their foams 
were measured. Figure 3-29 shows the volume electrical conductivities of unfoamed 
PEI/MWCNTs nanocomposites and foamed ones at the saturation pressure of 4 MPa and 
foaming temperatures of 155 °C (Set 1) and 185 °C (Set 2) with various MWCNT 
loadings. Set 1 (relative density 65%) and Set 2 (relative density 45%) samples had 
similar pore sizes (~450 nm). Figures 3-29 shows the effect of foam density on electrical 
conductivity of nanocomposite foams.  
Dramatic increase of electrical conductivity was found for unfoamed 
nanocomposites between MWCNT loadings of 0 wt% to 0.5 wt%, which indicates that 
the percolation threshold lies below 0.5 wt% loading. To determine the percolation 
threshold (φc), a power law relation is used as shown in Equation (3-4) [71]. 
      Electrical conductivity ∝ (φ- φc)
t
           (3-4) 
where φ is the MWCNT loading in wt% and t is the critical exponent. t depends on the 
system dimensionality, and 1.33 is used for a two-dimensional and 2 for a three 
dimensional system. t=2 was used in this study. A log-log plot of conductivity vs. the 
reduced mass fraction, defined as (φ-φc)/φc, for unfoamed samples is shown in Figure 3-
30. A good linear fit was found using the log-log plot, and the percolation threshold φc 
for unfoamed samples was found to be 0.45 wt%.   
 Electrical conductivities for foamed PEI/MWCNTs nanocomposites are 
relatively lower than those of the composites, almost by a factor of 100 as shown in 







PS/CNT composites and foams by Yang et al. [5]. This could be because of the fact that 
some of the conducting paths of MWCNTs were broken by the volume expansion due to 
foaming. Percolation threshold of Set 1 foams was found to be 0.45 wt% which is the 
same as unfoamed samples, and that of Set 2 foams increased from 0.5 wt% to 1 wt% as 
shown in Figures 3-31 and 3-32. In addition, the electrical conductivity of Set 2 foams 
also had slightly lower values than those of Set 1 beyond the percolation threshold. 
Foamed nanocomposites with a higher density showed a higher electrical conductivity, 
because more conduction paths were maintained.  
The volume electrical conductivity values of unfoamed and foamed 
nanocomposites obtained when the MWCNT loadings were greater than the percolation 
thresholds were found to be in the range suitable for electrostatic charge dissipation 
applications (greater than 10
-11
 S/cm) according to the American National Standard 
Institute [72]. Therefore, combining with reduced density, the PEI nanocomposite foams 
could be a possible candidate for low-density electrostatic charge dissipation applications 









Figure 3-29. Volume DC electrical conductivity of Sets 1 and 2 with various MWCNT 
loadings. 
 
Figure 3-30. A log-log plot of conductivity vs. reduced mass fraction for unfoamed 





































































Figure 3-31. A log-log plot of conductivity vs. reduced mass fraction for foamed Set 1 
samples. φc is the percolation threshold. 
 
Figure 3-32. A log-log plot of conductivity vs. reduced mass fraction for foamed Set 2 

















































(φ-φc) / φc 







At a given volume percent loading, density has little effect on electrical 
conductivity as shown in Figures 3-33. Filler volume percent was calculated using the 
following equation (3-4).  
 
Volume % = 
                  
                 
 
   
 
 / 
                  
                 
 
   
 
    (3-4) 
where the filler density was 2.1g/cm
3
 from the manufacturer. Regardless of the relative 
density values of unfoamed nanocomposites (relative density 100%), Set 1 (65%), and 
Set 2 (45%), electrical conductivity from three groups of samples followed the same 
trend line. At a given volume %, the ratio of MWCNT volume to the sample volume is 
unchanged regardless of the volume expansion caused by foaming. Therefore, the 
electrical conductivity of nanocomposite foams can be predicted with the density 











Figure 3-33. Volume DC electrical conductivity of Sets 1 and 2 samples with various 
MWCNT loadings. 
Volume electrical conductivity of Sets 3 and 4 foams were measured. Figures 3-
34 shows the volume electrical conductivity of foamed nanocomposites with saturation 
pressure of 8 MPa and two different foaming temperatures of 155 °C (Set 3) and 185 °C 
(Set 4), as well as unfoamed PEI/MWCNTs nanocomposites with various MWCNTs 
loadings. The density effect on electrical conductivity was investigated for large pore 
(750 nm) groups, including Set 3 (relative density 65%) and Set 4 (relative density 45%) 
samples. Similar results were found to small pore groups in terms of electrical 
conductivity and percolation threshold. As density decreased, electrical conductivity 
dropped and percolation threshold increased. Percolation threshold for Set 3 foams was 
found to be between 0 wt% and 0.5 wt%, and 0.8 wt% for Set 4 foams as shown in 






































Figure 3-34. Volume DC electrical conductivity of Sets 3 and 4 samples with various 
MWCNT loadings. 
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Figure 3-36. A log-log plot of conductivity vs. reduced mass fraction for Set 4 foam 

































The electrical conductivity of unfoamed nanocomposites and foamed Set 3 and Set 4 
samples at given MWCNT volume % also followed the same trend line as shown in 
Figure 3-37, similar to the results from Set 1 and Set 2 samples as seen in Figure 3-31.  
 
Figure 3-37. Volume DC electrical conductivity of Sets 3 and 4 samples with various 












































The cell size effect on electrical conductivity was investigated. Figures 3-38 and 
3-39 show the volume electrical conductivity of unfoamed PEI/MWCNTs 
nanocomposites, and that of foamed nanocomposites with the foaming temperature of 
155 °C and two different saturation pressures of 4 MPa (Set 1) and 8 MPa (Set 3), under 
various MWCNT loadings. Figure 3-38 was plotted with the MWCNT loading in wt% 
and Figure 3-39 was plotted with the MWCNT loading in volume %. Since Set 1 (pore 
size 750 nm) and Set 2 (pore size 450 nm) samples had a similar relative density (65%), 
but different pore size, Figures 3-38 and 3-39 shows the effect of pore size on electrical 
conductivity of the nanocomposite foams. It was found from Figure 3-38 that the 
electrical conductivities for Set 1 and Set 3 samples were almost identical even though 
their cell sizes were different at a given wt%. This suggested that there was little effect of 
cell size on the electrical conductivity of the foamed nanocomposites having a relative 
density of around 65%. The electrical conductivity of unfoamed nanocomposites and 
foamed Set 1 and Set 3 samples at a given MWCNT volume % followed the same trend 









Figure 3-38. Volume DC electrical conductivities of Sets 1 and 3 samples with various 
MWCNT loadings. 
    

















































































The pore size effect on electrical conductivity was investigated in low density 
(relative density: ~45%) groups, Set 2 (pore size: ~750 nm) and Set 4 (pore size: ~450 
nm). Similar results were found as the high density nanocomposite foams. Figure 3-40 
shows that the electrical conductivities of Set 2 and Set 4 samples were also almost 
identical even though their cell sizes were different at a given wt%, suggesting that there 
was little effect of cell size on electrical conductivity for the foamed nanocomposites 
having relative density of around 45%. However, it should be noted that the cell size in 
this study ranged only from 400 to 800 nm. The electrical conductivity of unfoamed 
nanocomposites and foamed Set 2 and Set 4 samples at a given MWCNT volume % 
followed the same trend line, as shown in Figure 3-41. 
 
 
Figure 3-40. Volume DC electrical conductivity of Sets 2 and 4 samples with various 












































Figure 3-41. Volume DC electrical conductivity of Sets 2 and 4 samples with various 
MWCNT loadings in volume%. 
Figure 3-42 shows the electrical conductivities of all sets of samples at a given 
weight percent, and the data were used to investigate the effects of foam density, pore 
size, and filler loading depending on four different foaming conditions on electrical 
conductivity with the statistical approach. The electrical conductivity data at filler 
loadings of 0.5wt% and 1.5wt% were used, and the data matrix is shown in Table 3-4. 
Data analysis software, JMP from SAS, was used to investigate the significance of those 
factors on electrical conductivity of samples. Interaction effects among those factors were 
also investigated with full factorial analysis. Table 3-5 shows the effect screening result. 
For an effect to be statistically significant, Prob>|t| has to be smaller than 0.05. It was 
found that density, loading, and interaction of density and loading have effects which are 





































in Figure 3-43 that the filler loading has the most significant effect on increasing 
electrical conductivity followed by the density of foams. In addition, there was a 
significant interaction effect between filler loading and density of foams. This interaction 
effect resulted from the fact that as filler loading increases, the density effect is reduced 
as shown in Figure 3-42, resulting in negative interaction effect. However, pore size has 
little effect on electrical conductivity of samples.  
 
 
Figure 3-42. Volume DC electrical conductivity of all sets of samples with various 

























































1 45 450 0.5 -13.85138316 
2 45 450 1.5 -8.612917919 
3 45 750 0.5 -12.87316063 
4 45 750 1.5 -8.497005612 
5 65 450 0.5 -6.677883606 
6 65 450 1.5 -6.832902627 
7 65 750 0.5 -8.232964755 
8 65 750 1.5 -7.088194781 
9 45 450 0.5 -13.77358449 
10 45 450 1.5 -7.358431467 
11 45 750 0.5 -13.82161694 
12 45 750 1.5 -7.315515608 
13 65 450 0.5 -14.7363965 
14 65 450 1.5 -7.135099585 
15 65 750 0.5 -14.05023338 
16 65 750 1.5 -7.465370635 
17 100 0 0.5 -7.344114896 
18 100 0 0.5 -8.012350438 
19 100 0 0.5 -6.933706776 
20 100 0 0.5 -7.292596828 
21 100 0 1.5 -5.658114812 
22 100 0 1.5 -5.932268577 
23 100 0 1.5 -6.712846408 










Table 3-5. Effect screening from data analysis using JMP 
Response:  Conductivity 
The estimates are correlated and need a transformation. 
The estimates have different variances and need scaling. 
Length PSE 
0.240461 
Transformed Parameter Estimates 
Term Original Orthog Coded Orthog t-Test Prob>|t| 
Intercept 
-
23.66434 -8.835519 -23.6956 <.0001 
Density 0.15625 1.653064 4.4333 0.0004 
Pore Size -0.00058 0.064147 0.172 0.8656 
Density*Pore Size 0.00002 0.057951 0.1554 0.8784 
Loading 9.67948 1.797813 4.8215 0.0002 
Density*Loading -0.08337 -0.872925 -2.3411 0.0325 
Pore Size*Loading -0.00016 -0.061599 -0.1652 0.8709 




Figure 3-43. Pareto plot of estimates on the significance of factors (filler loading, density, 
























Figure 3-44 shows the electrical conductivities of all sets of samples at a given 
volume percent. The electrical conductivity values followed the same trend line, 
suggesting that the morphological difference of in PEI nanocomposite foams does not 
affect the electrical conductivity of samples if they have the same volume percent 
loading. This phenomenon is going to be discussed in Chapter 5, which studies the 
electrical conductivity modeling using 3-D Monte Carlo simulation.  
 
 
Figure 3-44. Volume DC electrical conductivity of all sets of samples with various 














































3.4 SUMMARY AND CONCLUSIONS 
PEI/MWCNT nanocomposites and their foams were fabricated using solvent-
casting and solid-state foaming. Existence of residual solvent decreased the mechanical 
and thermal properties of the solvent cast samples. Morphology of the foams including 
cell size and cell density was examined with respect to different foaming and nanofiller 
loading conditions. A higher saturation pressure resulted in a smaller cell size and higher 
cell density. However, the addition of the nanofillers did not affect the cell size and cell 
density of the foams. It is believed that the increased cell density by heterogeneous 
nucleation was offset by cell collapsing caused by the residual solvent that was not fully 
removed from the solvent cast samples. Higher foaming temperatures did not affect the 
cell density and cell size due to the tradeoff between smaller nuclei and more cell growth.  
Mechanical and thermal properties of PEI/MWCNT nanocomposites and foams 
under different foaming conditions were investigated. Addition of MWCNTs has little 
effect on increasing the storage modulus of nanocomposite. High thermal property from 
the PEI matrix was maintained by the PEI/MWCNT nanocomposites and foams. The 
normalized storage modulus of the foams by (relative density)
2
 was in good agreement 
with their unfoamed counterparts. Cell size has little effect on the thermal and mechanical 
property of foams in this study. 
Volume electrical conductivities of the PEI/MWCNT nanocomposites and foams 
were measured at various MWCNT loadings. Volume electrical conductivities with the 







dissipative materials according to the ANSI/ESD standard, which indicates that those 
foams could be suitable for electrostatic dissipation applications with excellent inherent 
properties of the high performance polymer matrix. The effect of cell size, cell density, 
and relative density on the volume electrical conductivity was investigated. No 
significant effects of cell size and cell density on conductivity were found for the foamed 
obtained in this study. However, density of the foams affected the electrical conductivity. 
The higher the density, the less the nanofillers needed to reach percolation. At the same 
CNT loading in wt%, the higher the density is, the higher the electrical conductivity will 
be. This is due to the retention of the conducting path in high density foams. However, if 
the electrical conductivity is plotted against the CNT loading in volume %, the density of 
foams does not show effect on the electrical conductivity. This phenomenon will be 








Chapter 4. Polylactic Acid/Carbon Nanotube Nanocomposite Foams: 
Fabrication and Characterization 
4.1 INTRODUCTION 
As discussed in Chapter 3, polymer nanocomposite foams have attracted much 
interest due to their improved mechanical, thermal, and electrical properties. Early 
research in this area has focused on improving foam morphology and the mechanical 
property. Nanoparticles such as nanoclay, carbon nanofiber (CNF), and carbon nanotubes 
(CNTs) were used with a wide range of polymer matrices to increase the nucleation 
density, thus reducing the cell size, reinforce the polymer foam, and impart other 
desirable properties such as fire retardancy [16]. Polymer nanocomposite foams with 
improved electrical conductivity have recently been developed for lightweight 
electrostatic discharge (ESD), electromagnetic interference (EMI) shielding, and 
lightning-strike protection applications [13]. It is well known that a small amount of 
highly conductive nanoparticles, when well dispersed, could form a conducting network 
in the polymer matrix, therefore significantly improve the electrical conductivity of the 
otherwise insulating material. Making these polymer nanocomposites into foams would 
lead to a new class of multifunctional materials that are both lightweight and electrically 
conductive. Traditionally, ESD and EMI prevention has relied on metal-based materials, 







disadvantages of being heavy, prone to corrosion, and difficult to process. Conductive 
polymer nanocomposite foams are preferred compared to metal based materials.  
Environmental issues have been considered as important factors in plastic 
manufacturing, due to the increased demand to reduce land fill. Plastic consumption is 
subjected to increase by a factor of three in the current decade [11]. Especially, for 
electronics applications, the lifetime of consumer electronics is becoming shorter and the 
plastics used in electronics products become waste faster. Currently the average lifetime 
of these product is just a few months [11]. Utilizing biodegradable polymers is 
considered to be a solution to the plastic waste problems. Therefore, in the area of 
conductive polymer nanocomposite foams biodegradable polymer matrices can be 
applied.  
Certain biodegradable polymers, such as poly(caprolactone) (PCL) and 
poly(lactic acid) (PLA) have already been utilized as host matrices for conductive 
polymer nanocomposite foams, as shown in Table 4-1. PCL has low thermal stability 
with a glass transition temperature (Tg) of -60 °C and a melting temperature of 65 °C. 
Among biodegradable polymers, PLA can be derived from renewable sources such as 
corn starch and has physical properties acceptable for commodity product applications. A 
few research efforts were found on conductive PLA-based nanocomposite foams, but 







of unfoamed PLA-based nanocomposites [49, 73, 74]. McCullen et al. [75] reported 
electrical conductivity of porous PLA/MWCNTs nanocomposites, as shown in Table 4-1; 
however, they utilized the eletrospinning method to create the porous structure, which 
could have substantially lower mechanical properties than foams made using other 
methods, such as solid-state foaming.  
In this chapter, PLA/multi-walled carbon nanotubes (MWCNTs) nanocomposite 
foams were fabricated and their electrical and mechanical properties were characterized. 
By using PLA as the matrix material, a new environmentally friendly nanocomposite 
foam material could be developed for lightweight ESD and EMI shielding applications.  
 
 































50-200 20-40 NA [49] 



















 NW 40) was purchased from ICO Polymers, with an 
average powder size of 20 µm. PLA is a semi-crystalline thermoplastic material. It is a 
biodegradable polymer by simple hydrolysis of the ester (CO-O) bond, and it does not 
require any catalysts for the hydrolysis [76]. The PLA used in this study is derived from 
natural resources such as corn starch. The molecular structure of PLA is shown in Figure 
4-1. The density, mechanical, and thermal properties are shown in Table 4-1. Multi-
walled CNTs (MWCNTs) were used in this study as conductive nanofillers. MWCNTs 
were provided by Bayer Material Science, Germany, with the commercial name of 
Baytube (C 150 P) (diameter ~15 nm; length 1-10 µm). Baytubes were received as 
powder agglomerates as shown in Figure 4-2 and individual tubes are shown in Figure 4-









Table 4-2. Properties of PLA [47] 
Property Value 
Density (g/ml) 1.24 
Tensile modulus (GPa) 1.5-2.7 
Glass transition temperature (C) 60-65 
Melting temperature (C) 150-180 















Figure 4-2. SEM of Baytube (Scale bar: 500 µm). 
 









4.2.2 PLA/MWCNT Composite Fabrication 
PLA powder and MWCNTs were pre-mixed for 3 minutes using a chrome blade 
coffee grinder (IDS59, Mr. Coffee, USA) and melt-blended using a twin-screw extruder 
(Haake Minilab II, Germany). The processing conditions for melt-blending of 
PLA/MWCNTs are shown in Table 4-2.  
Table 4-2. Processing conditions of twin screw extrusion 
Screw type Counter rotating 
Screw speed (rpm) 180 
Processing temperature (C) 150 
Processing time (min) 10 
MWCNTs loading (wt%) 0, 2, 4, and 6 
 
After mixing, blended PLA/MWCNTs nanocomposites are injection molded 
using a lab-scale injection molder (Haake Mini Jet, Germany). Processing conditions for 
injection molding of PLA/MWCNTs are shown in Table 4-3. 
Table 4-3. Processing conditions of injection molding 
Injection pressure (bars) 800 
Injection time (sec) 10 
Barrel temperature (C) 200 







Disk-shaped samples were obtained from injection molding, having a diameter of 
20 mm and a thickness of 1.4 mm as shown in Figure 4-4. 
 
 
Figure 4-4. Injection molded PLA/MWCNTs nanocomposite sample. 
 
4.2.3 Foaming of Nanocomposites 
The PLA/MWCNTs nanocomposites were foamed using the solid-state foaming 
method as the one used for foaming of PEI/MWCNTs in Chapter 3. In the actual foaming 
stage, the bath foaming method was used with a foaming fixture as shown in Figure 4-5. 
Injection molded PLA/MWCNTs nanocomposites having the thickness of 1.4 mm was 
inserted in the foaming fixture immersed in the oil bath. Foaming fixture had a gap of 2 
mm for foam to grow. The oil bath was heated by a hot plate heater and the foaming 
temperature was controlled by a temperature controller attached. Table 4-3 shows the 









Figure 4-5. A bath foaming setup with the foaming fixture. 
 
Table 4-3. Experimental factors for foaming 
Factors Values 
Saturation pressure 2MPa 4MPa 
Saturation time 4 days 1 day 
Foaming temperature 
60-120 °C with an 
interval of 20 °C  
60-140 °C with an 
interval of 20 °C 










Volume DC electrical conductivities of the samples were measured with an 
Ohmmeter (Super Megohmmeter, Hioki 8220, Japan) with a set of high resolution 
electrodes (SME 8311, Hioki, Japan). Densities of the samples were measured based on 




     
         g/cm3     
 
where wa is the sample weight in air, and ww is the sample weight when immersed in 
water. Density measurement was performed with a lab balance (ML53, Mettler Toledo, 
Switzerland). The ratio of the foamed sample density to that of the unfoamed one is used 
as the relative density.  
Microstructures of the samples were observed using a Quanta 650 FEG scanning 
electron microscope (FEI Company, USA). The samples were freeze-fractured in liquid 
nitrogen to avoid damage of the imaging surface by shear force from tools such as 
scissors. The surfaces to be observed were coated with gold and palladium (Au/Pd) using 
sputter coater (EMS 500X, Electron Microscopy Sciences, USA) to prevent charging on 
the surface which is not preferred for imaging. 
Thermo-mechanical properties were investigated using a dynamic mechanical 
analyzer (Q800 DMA, TA instruments, USA) with a temperature ramp rate of 3°C/min, 
and a frequency of 1 Hz. DMA was used to determine the stiffness and the glass 







4.3 RESULTS AND DISCUSSION 
4.3.1 Dispersion of MWCNTs in PLA matrix 
MWCNT dispersion in PLA was investigated using SEM images. Figure 4-6 
shows a SEM image of a neat PLA sample. Figures 4-7 and 4-8 show SEMs of 
PLA/MWCNT nanocomposites with filler contents of 4 wt% and 6 wt%, respectively. 
Compared to the neat PLA, well-dispersed MWCNTs were found in both PLA/MWCNT 
nanocomposites (4 and 6 wt%), showing that the processing parameters of melt-blending 
were appropriate for PLA/MWCNT systems in this study. It was shown that MWCNTs 












Figure 4-7. An SEM image of PLA/MWCNT (4 wt%). Scale bar: 5 µm. 
 
 







4.3.2 Effect of foaming conditions on porosity 
Effect of different foaming conditions on porosity was investigated. The results 
are shown in Figure 4-9. Equilibrium CO2 uptake was around 7% at 2 MPa and 14% at 4 
MPa with the saturation time given in Table 4-3. For PLA/MWCNT (6 wt%) 
nanocomposite foams with a saturation pressure of 2 MPa, porosity increased as foaming 
temperature increased up to 100 °C, while there was no significant effect of foaming 
temperature on porosity at the saturation pressure of 4 MPa up 120 °C. For 
nanocomposite foams foamed with a saturation pressure of 2 MPa, as the foaming 
temperature increased there was more rapid cell growth due to the combination of a softer 
matrix and higher kinetic energy of CO2 at a higher temperature, causing a higher 
porosity up to the foaming temperature of 100 °C. For the case of the saturation pressure 
of 4 MPa, porosity was found to be 25% at the foaming temperature of 60 °C. It did not 
change as the foaming temperature increased up to 120°C. Wang [77] found that CO2 
saturation at 4 MPa increased PLA crystallinity to 27% as shown in Figure 4-10 and that 
the formation of crystalline phase prevented foaming of thermoplastic polymers [78], 
causing limited porosity regardless of the foaming temperature. From Matuana’s research 
[79], a maximum porosity of 35% was obtained for PLA with a CO2 concentration of 
16% using various foaming conditions. In the solid state foaming process, as foaming 
temperature increases the porosity increases up to a certain level and starts to decrease 
due to cell collapsing [80]. For foams with the saturation pressure of 2 MPa, the 
maximum porosity was found at the foaming temperature of 100 °C, and the porosity 







appeared to decrease from 140 °C. However, there was essentially no change in the 
porosity of foams foamed from 120 to 60 °C, indicating that maximum porosity had 
reached at the foaming temperature of 60 °C. For the rest of study in this chapter, 
foaming conditions of 2MPa-100°C and 4MPa-120°C were chosen.  
 
  
Figure 4-9. Porosity of PLA/MWCNTs (6 wt%) nanocomposite foams at different 































Figure 4-10. PLA crystallinity after CO2 saturation at different saturation pressures[77]. 
 
4.3.3 Effect of MWCNT loading on morphology of nanocomposite foams 
The MWCNT loading effect on the porosity of PLA/MWCNT foams was 
investigated at selected foaming conditions. The results are shown in Figure 4-11. It was 
found that the porosity slightly increased from 85 to 95% as the MWCNT loading 
increased from 0 to 4 wt% for foams with the saturation pressure of 2 MPa. A similar 
phenomenon was found by Rizvi et al. [49], showing decreased foam density as the 
MWCNT loading increased. For foams with the saturation pressure of 4 MPa, MWCNT 
loading did not affect the porosity of foams, but stayed at the porosity of around 25%. As 







PLA and its nanocomposite foams. In general, the effect of MWCNT loading was 




Figure 4-11. Porosity of foams with different filler loadings under selected foaming 
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Cell density (# of pores in a unit volume) of nanocomposite foams foamed with 
the saturation pressure of 2 MPa increased as the MWCNT loading increased from 0 to 4 
wt% as compared in Figures 4-12 and 4-13, due to the existence of extra nucleation sites 
near MWCNTs. Additives cause decreases in the activation energy for nucleus formation. 
As discussed in Chapter 3, decrease in activation energy for nucleation leads to an 
increase in nucleation density, causing a larger number of pores [16]. Further addition of 
MWCNTs up to 6 wt% had little effect on cell density change as shown in Figure 4-14.  
 
 
Figure 4-12. An SEM image of a neat PLA foam sample (saturated at 2 MPa, foamed at 









Figure 4-13. An SEM image of a PLA/MWCNT (4 wt%) foam sample (saturated at 2 
MPa, foamed at 100 °C). Scale bar: 1 mm. 
 
 
Figure 4-14. An SEM image of a PLA/MWCNT (6 wt%) foam sample (saturated at 2 







However, for nanocomposite foams foamed with the saturation pressure of 4 
MPa, there was little effect of MWCNT loading on cell density as shown in Figures 4-15, 
4-16, 4-17, and 4-18. It is believed that the existence of crystalline phase after CO2 
saturation at 4MPa reduced the effect of MWCNTs loading. For both neat and 
PLA/MWCNT (6 wt%) foams, porous region was only found in sample skin regions, 
suggesting that the crystallinity at the skin regions is lower than that in the center region.   
 
 
Figure 4-15. An SEM image of a neat PLA foam sample (saturated at 4 MPa, foamed at 








Figure 4-16. An SEM image of a PLA/MWCNT (6 wt%) foam sample (saturated at 4 
MPa, foamed at 120 °C). Scale bar: 500 µm. 
 
 
Figure 4-17. An SEM image of a neat PLA foam sample (saturated at 4 MPa, foamed at 








Figure 4-18. An SEM image of a PLA/MWCNT (6 wt%) foam sample (saturated at 4 
MPa, foamed at 120 °C), skin region. Scale bar: 500 µm. 
 
4.3.4 Mechanical and thermal properties of PLA/MWCNT nanocomposites and 
foams 
Mechanical and thermal properties of PLA/MWCNT nanocomposites with 
various MWCNT loadings are shown in Figure 4-19. As the MWCNT loading increased, 
storage moduli of the nanocomposites increased. There was effective load transfer from 
polymer matrix to CNTs, causing increases in the stiffness [14]. Tg’s of the 









Figure 4-19. Mechanical and thermal property of PLA/MWCNTs nanocomposites with 
different MWCNTs loadings. 
Mechanical and thermal properties of PLA/MWCNT foams with the saturation 
pressure of 4 MPa are shown in Figure 4-20 at different MWCNT loadings. Foams with 
the saturation pressure of 2 MPa were not suitable for DMA tests due to the difficulty in 
clamping the samples. Samples were so soft due to the high porosity that they collapsed 
during clamping on the DMA fixture. Storage moduli shown in Figure 4-20 were 
normalized by (relative density)
2
. It is shown in Figures 4-19 and 4-20 that the storage 
moduli are almost identical, showing a good agreement with the Moore’s observation 
[70]. Tg’s for nanocomposite foams were found at 75 °C, which is slightly higher than the 
ones for unfoamed samples. It is believed that foaming caused an increase in the 


























































Wang [77]. A slight drop in the storage modulus after the elastic region for foamed 




Figure 4-20. Mechanical and thermal properties of unfoamed PLA/MWCNT samples 
with different loadings. 
 
4.3.5 Electrical property of PLA/MWCNT nanocomposites and foams 
Electrical conductivity of PLA/MWCNT nanocomposites and foams with selected 















































































MWCNT loadings. Figure 4-21 shows the electrical conductivity behavior as a function 
of MWCNT loading in wt%. Percolation was found between the MWCNT loadings of 2 
to 4 wt%. In general, electrical conductivity of foamed samples had a higher conductivity 
than unfoamed ones. It was shown in Chapter 3 that electrical conductivity decreased 
after foaming of PEI/MWCNTs nanocomposites at a given wt%; however, the opposite 
phenomenon were found in foaming of PLA/MWCNTs nanocomposites, as shown in 
Figure 4-21. Two possible mechanisms could result in an increased electrical 
conductivity after foaming. First, MWCNTs aggregated in the cell walls by foaming as 
shown in Figure 4-22, such that better MWCNT connectivity was achieved by foaming 
due to the high MWCNT concentration in the solid cell wall portion. For PEI/MWCNT 
foams, as a comparison, CNTs are randomly distributed after foaming regardless of the 
foam morphology as shown in Figure 4-23, such that the electrical conductivity 
significantly dropped due to the diluted MWCNT concentration by volume expansion. 
Secondly, It was found by Wang [77] that crystallinity of PLA could be increased by 
foaming due to the stretching and heating effects. Increased crystallinity by foaming 
could contribute to the increase in electrical conductivity. Unlike other common 
amorphous polymers, the unique semi-crysalline property of PLA matrix and the increase 
in crystallinity by foaming could contribute to the increase in electrical conductivity. The 
volume electrical conductivity values of unfoamed and foamed nanocomposite foams 
obtained when the MWCNT loadings were greater than the percolation thresholds were 
found to be in the range suitable for electrostatic charge dissipation applications (greater 
than 10
11







nanocomposite foam could be a possible candidate for low-density, biodegradable 
electrostatic charge dissipation applications. In addition, a novel finding from 
PLA/MWCNT foams with the saturation pressure of 2 MPa and the foaming temperature 
of 100 °C was that a reduction of sample weight by 1/10 was achieved without electrical 
conductivity sacrifice, which is completely different from the behavior of PEI/MWCNT 
nanocomposite foams.   
 
 




















































Figure 4-24 shows dramatically increased electrical conductivity as porosity 
increased with MWCNT loadings in volume%. It was discussed in Chapter 3 that the 
electrical conductivity of PEI/MWCNT nanocomposites did not change regardless of the 
porosity at a given volume%, as shown in Figure 4-25. To understand the difference of 
electrical property for both polymer systems, electrical conductivity modeling will be 




















































Figure 4-25. Volume DC electrical conductivity of PEI/MWCNT nanocomposites with 














































4.4 SUMMARY AND CONCLUSIONS  
PLA/MWCNT nanocomposites and their foams with different foaming conditions 
were fabricated using melt-blending and solid-state foaming. Effect of foaming 
conditions on porosity was investigated with PLA/MWCNT nanocomposite foams. For 
nanocomposite foams with the saturation pressure of 2 MPa, as foaming temperature 
increased from 60 to 100 °C, the porosity increased then started to decrease due to cell 
collapsing. For nanocomposite foams with the saturation pressure of 4 MPa, foaming 
temperature did not affect to the porosity of foams. A constant porosity of around 25% 
was found with the foaming temperature from 80 to 120 °C. The porosity started to 
decrease afterwards. The CO2 induced crystallization limited the foaming of neat PLA 
and PLA nanocomposites.   
The MWCNT loading effect on porosity of PLA/MWCNTs foams was 
investigated. It was found that the porosity has little effect on porosity of PLA/MWCNT 
foams. Addition of MWCNTs in PLA significantly increased the cell density of foams at 
the saturation pressure of 2 MPa due to the lowered activation energy for nuclei 
formation. For foams with the saturation pressure of 4 MPa, effect of MWCNTs on cell 
density was insignificant.  
Mechanical and thermal properties of PLA/MWCNTs nanocomposites and foams 
with the saturation pressure of 4 MPa were investigated. Addition of MWCNTs increased 
storage modulus. The normalized storage modulus of the foam was in a good agreement 
with their unfoamed counterparts. By foaming, the glass transition temperature increased 







Volume electrical conductivities of PLA/MWCNTs nanocomposites and foams 
were measured. Volume electrical conductivities with the MWCNT contents beyond the 
percolation threshold were within the range of dissipative materials according to the 
ANSI/ESD standard, which indicates that those foams could be suitable for electrostatic 
charge dissipation applications with their inherent biodegradable property. In general, 
electrical conductivity of foamed samples had higher conductivity than unfoamed ones 
compared with the same volume% loading. Especially, the PLA/MWCNT foams with the 
saturation pressure of 2 MPa and the foaming temperature of 100 °C showed a sample 
weight reduction by 1/10 without sacrificing the electrical conductivity. This finding 
could mean materials saving in both MWCNTs and the polymer. Unlike PEI/MWCNT 
composite foams, the electrical conductivity of PLA/MWCNT foams increased 
significantly as the porosity increased compared at the same CNT loading in volume%. 







Chapter 5. Electrical Conductivity Modeling of Polymer Nanocomposite 
Foams 
5.1 INTRODUCTION 
Polymer nanocomposite foams have attracted tremendous interests due to their 
improved mechanical, thermal, and electrical properties, in addition to the inherited 
lightweight benefit of foamed materials [16]. Among different applications, polymer 
nanocomposite foams with improved electrical conductivity have recently been studied 
for lightweight electrostatic discharge (ESD), electromagnetic interference (EMI) 
shielding, and lightning-strike mitigation applications. It is well known that a small 
amount of highly conductive nanoparticles, when well dispersed, could form a 
conducting network in the polymer matrix. Making these polymer nanocomposites into 
foams would generate a new class of lightweight materials that will find many 
applications in aerospace, automotive, and electronics applications.  
A variety of polymer matrices have been used to create foams with conducting 
fibrous fillers, including multi-walled carbon nanotubes (MWCNTs) and CNF, and their 
electrical conductivity behaviors have been investigated experimentally in many studies 
[38]. However, little theoretical effort has been found to understand and predict electrical 







In spite of the lack of theoretical studies on conductive foamed polymer 
nanocomposites, there are many efforts devoted to understanding and predicting 
electrical behaviors of unfoamed polymer nanocomposites with fibrous fillers using 
Monte-Carlo simulation. The Monte-Carlo simulation method to understand electrical 
conductivity behaviors with randomly distributed fibrous fillers consists of three steps in 
general: model generation with randomly distributed fibrous fillers in a finite volume, 
equivalent resistor network construction, and electrical conductivity calculation.  
Pioneering work was done by Pike and Seager in 1974 [50]. They considered 
nanofillers as straight sticks having a fixed length and zero width in a two dimensional 
(2D) space. Studies in the 2D space were found in [51,52,83,84] and in 3D space were 
found in [53,54,85-87] with straight sticks as nanofillers by varying the filler length and 
alignment of fillers. It was found that a longer filler length and the isotropy (not aligned) 
of fillers were beneficial for electrical performance. In [55,56,88-92], the nanofiller 
waviness in 3D was considered since in reality the fibers in polymer matrix have a certain 
waviness. It was found from simulations that as the aspect ratio (filler length/diameter) 
increased and the waviness decreased, the electrical conductivity improved [51-56,83-
92].   
In this chapter, modeling and simulation of electrical conductivity of polymer 







having a width of the tube diameter were used for the modeling. Two cases of foam 
generation mechanisms were considered. In the first case, fibers were distributed 
randomly regardless of the foam morphology after foaming due to the small enough pore 
size compared to the nanofiller size. In this case, the only event happened after foaming 
was volume expansion, such that only the distance between tubes increased accordingly. 
In the second case, nanofillers are not in the spherical pores, but are densely packed in the 
cell walls. These two different foaming mechanisms are modeled, and the numerical 
results from simulations were validated with the experimental data. Effects of foam 
density, pore size, and filler aspect ratio on the electrical performance were investigated 









5.2.1 Generating geometrical model in a Representative Volume Element (RVE) 
A geometrical model was generated with randomly distributed fibrous fillers in 
the Monte Carlo simulation. A generated model was scaled down to a reasonably small 
unit, so called a representative volume element (RVE), which can represent the entire 
system due to the computational efficiency. An initial point was generated in a RVE box 
as described in the Equation (5-1) below, where r is a random number greater than 0 and 
less than 1, and L is the length of the RVE cube edge. From the initial point, the second 
point was allocated following Equation (5-2), where φ and ϴ are two randomly generated 
angles and l is the segment length of a carbon nanotube. The second point is another 
point having the distance of l from the initial point. The orientation is defined by the two 
angles of φ and ϴ. The third point is allocated similarly following Equation (5-3) with a 
transformation matrix T as shown in Equation (5-4) with restricted ϴ value, which is 
(π/8)·(rand), where rand is a random number between 0 and 1, in this study to control 
tube straightness. The number of segments for a tube is chosen as six. Figure 5-1 shows 
the description of tube generation [91].   
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Figure 5-1. A description of tube generation.  
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The total number of MWCNTs used in the simulation was determined by the 
weight of MWCNTs used, the density of the MWCNTs (2.1 g/cm
3
 which is provided by 
Cheap Tubes, Inc.), and the dimensional information of the tube. Since the tube length 
used in the simulation was considered to be fixed, the total number of tubes used in the 
simulation can be calculated using Eqn. (5-5), 
                              
       
      
   (5-5)  
where l is the length of a tube, and nl is the summation of all the tubes in the system. The 
total length of tubes (nl) in the system can be calculated using Eqn. (5-6), 
         
     
                 
     (5-6) 
where w is the total weight of tubes used in the system, A is the cross sectional area, and 
d is the density of the tubes. 
Geometric models for possible cases (Case 1 and Case 2) were generated with 
randomly distributed MWCNTs, as shown in Figure 5-2. In Case 1, the tubes were 
distributed randomly regardless of the foam morphology after foaming due to the small 
enough pore size compared to the nanofiller size. In this case, the only event happened 
after foaming was volume expansion, such that only the distance between the tubes 
increased accordingly. To model Case 1, the same number of tubes was randomly 
distributed in an expanded RVE according to the corresponding porosity. In Case 2, 







During the foaming process with the Case 2 mechanism, nanofillers were pushed to the 
interstitial volumes by bubble growth. To model Case 2, a sphere was generated inside 
the RVE as a pore, and the tubes were not allowed inside the pore.  
 
Figure 5-2. RVE cubes with CNTs for unfoamed, Case 1 foamed, and Case 2 foamed 
nanocomposites. 
 
5.2.2 Equivalent network formation 
To determine the connectivity the dispersed tubes, distance measurements were 
performed between each line segment of tubes as shown in Figure 5-3 [94]. And two line 
segments from tubes P and Q are described as shown in Eqns. (5-7) and (5-8),  
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                                               (5-8)     
where 0 <= (s , t) <= 1,  Using these two line vector equations, a new vector 
                      
is generated starting from a segment of P to a segment of Q. The minimum distance 
between the two segments was evaluated using Ū by calculating its magnitude. In the 
case where 0 <= (s , t) <= 1 is not satisfied, use a dot product property of the vector 
which shown in Eqn. (5-9).  
                                                             (5-9) 
which is a quadratic function of s and t to evaluate the minimum distance. By taking a 
derivative of the obtained quadratic function, the minimum distance can be evaluated 
when the derivative is set to 0 [94]. This distance evaluation process was the most time 
consuming part in the simulation. Each tube had 6 segments, such that to evaluate the 
distance between two tubes, Eqn. (5-9) has to be evaluated 6
2
 times. For distance 
evaluation among N tubes, the equation has to be evaluated 6
N









Figure 5-3. The distance between two tubes. 
 
If the distance is less than the diameter of the MWCNT, the tubes are considered in 
contact. Electron hopping is considered if the gap between the two tubes is up to 2 nm 
which is considered as the maximum separation for electron tunneling in the polymer 
carbon nanotube composite system [46]. Since the diameter of the tubes is 20 nm, the 
total separation of two fibers needs to be less than 22 nm to be considered conducting and 









Figure 5-4. Equivalent resistor network. 
 
The distance evaluation among tubes allows to determine which tubes are 
connected. After determining which tubes constructed a cluster, it was evaluated whether 
the cluster spans from one side of the RVE to the opposite side. If so, an equivalent 
resistor network was generated using the information from the connected cluster as 
shown in Figure 5-4. A circuit file was generated with the information obtained from the 




















To evaluate the net resistance of the system, three types of resistance need to be 
considered in the network system as following.  
1) Tube resistance (10 kΩ, for a tube having a length of 6 µm and a diameter 
of 20 nm [93]) 
2) Direct contact resistance (100 kΩ – 3.4 MΩ [95]) 
3) Tunneling resistance (1011 - 1013Ω [87, 96]) 
 
The tube resistance can be ignored since it has a negligible value compared to the direct 
contact and tunneling resistance. The direct contact resistance of the tubes and the 
tunneling resistance between tubes form the total contact resistance. However, for 
polymer nanocomposite systems, it is well known that CNTs cannot directly contact each 
other and there should be a gap of around 1 nm because the tubes are often wrapped with 
polymer chains [92]. Therefore, the tunneling resistance plays a dominant role in the net 
resistance of the system [96].  
In this study, the minimum distance between the tubes due to the wetting of CNTs 
by polymer chains was taken as 1.3 nm. The diameter of a typical polymer chain is a few 
tenths of nanometers [97]. For example, the diameter of polyethylene oligomer is 0.4 nm 
[98]. Yu et al. estimated the diameter of epoxy oligomer to be 0.5 nm, since the epoxy 







[93,99]. PEI has a more complex molecular structure than epoxy, such that the gap 
between the CNTs for PEI composites is assigned with 1.3 nm.   
Simmon [100] developed a tunneling resistance model as a function of the 
separation distance that was used in this study to determine tunneling resistance.   
         




Rtunnel = tunneling resistance 
                          
  
                                   





d is the diameter of the carbon nanotube (20 nm in this study) 
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e is the unit electric charge 
C is capacitance  
ɛ0 is the electrical permittivity of vacuum (8.85 10
-14
 F/cm) 
K is the dielectric constant of the polymer matrix  
t is the thickness of the insulation layer  
∆t =t2-t1 is the difference of the limits of barrier at Fermi level 
w0 is the work function of CNTs which is around 5eV 
 
According to the equation, a tunneling resistance plot is generated for epoxy and 
PEI based material systems as shown in Figure 5-5. It was shown that the effect of filler 
diameter is significant to determine tunneling resistance of polymer nanocomposites than 
the types of the matrix materials. For PEI/MWCNTs nanocomposite and foam 
simulations, since the diameter of MWCNTs used was 20 nm, relevant curves from 
Figure 5-5 was used to determine the tunneling resistance. It was assigned that the 
minimum distance between the tubes by wetting of PEI polymer chains was 1.3 nm. 







determined from the tunneling resistance plot. Even though the two tubes overwrapped 
when the distance between the tubes was less than the diameter of the tubes (20 nm), 
those two tubes should be considered to be separated with the distance of 1.3 nm. 
Therefore, if the distance between the tubes is 0 nm to 21.3 nm (summation of the tube 
diameter and the minimum separation due to the polymer wetting), the resistance of 1.45 
Χ 1011 Ω was assigned for the total contact resistance. If the distance between the tubes is 
21.3 nm to 22 nm, distance-dependent tunneling resistance needs to be assigned. 
However, for the net resistance evaluation in this study, this resistance was ignored, since 
majority of the contacts (21.3 nm/22 nm) have the minimum tunneling resistance of 1.45 
Χ 1011 Ω, which will have the dominant effect on the contact resistance. Foygel et al. [87] 
estimated the contact resistance for polyimide CP2/SWCNTs system to be 10
13
 Ω. In this 
study, a lower resistance value resulted from the larger diameter of MWCNTs according 
to Figure 5-5. The total resistance of the system was evaluated with the information of the 
network cluster based on the distances determined. The circuit analysis software 
Multisim 12 from National Instrument was used to calculate the net resistance. Detailed 








Figure 5-5. Tunneling resistance depending on the thickness of insulation layer for 
nanocomposites having different filler diameter. (K for epoxy and PEI was 
3.98 and 3.15 respectively)  
 
With this modeling method, electrical percolation and conductivity simulations 
for both foaming mechanisms were conducted. The effects of foam density and pore size 










































5.3 RESULTS AND DISCUSSION 
5.3.1 RVE size effect 
The RVE size effect on the electrical conductivity was investigated to check 
whether the RVE size affect to the simulation results. In the simulation, RVE sizes of 4, 
5, 7, and 10 µm were used in a polymer nanocomposite system with the carbon nanotube 
length of 3 µm. The ratio of the RVE size to the CNT length used in this study was 1.3, 
1.7, 2.3, and 3.3. Physically, in the first two cases, at least two tubes are needed for 
making a conduction path. Three and four tubes are needed to make conduction path for 
the third and the fourth case, respectively.  The RVE size range used in this study 
allowed the consideration of many different conduction path formation situations. The 
simulation result is shown in Figure 5-6. There was no significant effect of RVE size on 
electrical conductivity behavior of polymer nanocomposites from 4 µm to 10 µm RVE 
size. Therefore, the simulation result suggested that in general, there was no significant 
RVE size effect on the electrical conductivity of polymer nanocomposites with the ratio 
of CNT to RVE edge length of 1.3 to 3.3. In the following analysis, RVE sizes within the 








Figure 5-6. Representative Volume Element (RVE) size effect on the volume 
conductivity of unfoamed PEI/MWCNTs nanocomposites having a filler 






































5.3.2. Validation of the models  
Electrical conductivity of unfoamed and foamed samples from experiments and 
those from the simulation were compared. For the unfoamed case, the carbon nanotube 
length L of 3, 4.5, and 6 um were used and the simulation results are shown in Figure 5-7. 
The simulation results and experimental results were in good agreement when L was 6 
µm. With low filler lengths, electrical conductivity decreases, and percolation threshold 
increases especially when the filler length is 0.5L. It has been discussed that lower aspect 
ratio of nanofillers would decrease electrical property [93]. 
 
  
Figure 5-7. Electrical conductivity from experimental and modeling results for unfoamed 













































Figure 5-8. Electrical conductivity from experimental and modeling results for foamed 
cases, L=6 µm. 
 
With selected L=6 µm, simulation for foam Case 1 was performed and compared 
with the experimental data from PEI/MWCNTs nanocomposite foams discussed in 
Chapter 3. Simulation results for Case 1 and experimental data with the porosity of 
around 40% are shown in Figure 5-8. It is reasonable to use foaming mechanism Case 1 
to represent the PEI/MWCNTs nanocomposite foams based on the SEM observation of 
the fabricated PEI/MWCNTs nanocomposite foams, as shown in Figure 5-9. The pore 
size was small enough compared to the MWCNTs size, and the nanofillers were 
randomly distributes. This configuration is consistent to the assumption of the foaming 











































The simulation results were in good agreement with the experimental results, as 
shown in Figure 5-8. Percolation thresholds from both experimental and modeling were 
found between MWCNTs loading of 0 wt% to 0.5 wt%, and the electrical conductivity 
was also similar to each other. Therefore, the models for unfoamed and Case 1 foamed 
samples were validated. Based on the validated modeling procedures, prediction of 
electrical percolation and conductivity will be performed for foams foamed by both Case 
1 and Case 2, varying foam porosity and pore size.  
 
 








5.3.3. Porosity effect on electrical conductivity of foams 
5.3.3.1 Case 1 
Electrical conductivity plots of foams for Case 1 model with porosity of 40% and 
80% were obtained from simulations as shown in Figure 5-10 in wt% and Figure 5-11 in 
volume%. As porosity increased, the electrical conductivity decreased at given wt% as 
expected, and the percolation threshold increased as shown in Figure 5-10. This is 
because by foaming with Case 1 model, the same amount of MWCNTs from unfoamed 
model is distributed in an expanded volume, resulting in increased distance between 
tubes, therefore, causing decreased electrical conductivity. In terms of percolation 
threshold, the probability for MWCNTs to form a network decreased due to the less 
dense population of MWCNTs. More fillers are needed to reach a percolation point.  
At a given volume%, porosity did not affect to the electrical conductivity as 
shown in Figure 5-11. Regardless the porosity of foams, electrical conductivity values 
followed a trend line. This is because the fillers are randomly distributed and a decrease 
in tube density (# of tubes in a unit volume) by foaming is exactly proportional to the 
decrease in electrical conductivity. In this model, provided there is an electrical 
conductivity plot for unfoamed case at different volume percent, it is possible to predict 
the electrical conductivity of foamed samples after foaming process if the porosity 








Figure 5-10. Electrical conductivity of foams for Case 1 model plotted against wt%. 
  















































































5.3.3.2 Case 2 
Electrical conductivity simulation results of nanocomposite foams for Case 2 with 
different porosity (40, 80, and 90%) with the pore size of 8 µm is shown in Figure 5-12, 
and with the pore size of 16 µm is shown in Figure 5-13 in wt%. It was shown from both 
plots that no significant electrical conductivity change was found as porosity increased to 
40%. Further increase in porosity decreased the electrical conductivity of nanocomposite 
foams. Electrical conductivity comparison for foams having the same porosity of 40 % 
which were foamed with Case 1 and Case 2 was shown in Figure 5-14, and that for foams 
with the porosity of 80% were shown in Figure 5-15. It was found that electrical 
conductivity drop by foaming mechanism Case 2 was less significant than that by 
foaming mechanism Case 1 under the same porosity as shown in Figures 5-14 and 5-15.  
This is because, by foaming Case 2, carbon nanotubes were pushed out by bubble 
generation resulting in filler aggregation in the cell wall region, while nanofillers in foam 
Case 1 are distributed everywhere randomly. In foam Case 2, nanofillers are only 








Figure 5-12. Electrical conductivity of foams for Case 2 model at given wt%. 
 



















































































Figure 5-14. Electrical conductivity of foam Case 1 and Case 2 models under the same 
porosity of 40%. 
 
Figure 5-15. Electrical conductivity of foam Case 1 and Case 2 models under the same 

















































































However, at a given volume%, as porosity increases, electrical conductivity 
increases as well, as shown in Figure 5-16, while there was no porosity effect on 
electrical conductivity of Case 1 foams as shown in Figure 5-11. This is because, volume 
expansion rate and decrease in probability for tubes to form network by expansion are not 
proportional anymore for Case 2 foams, but the latter term is less compared to the former 
term causing increase in conductivity at a given volume%. This phenomenon is 
promising in such applications as light-weight ESD and EMI shielding, because as the 
product becomes lighter, electrical performance gets better at a given product volume 
with the same amount of MWCNTs consumption.  
 

















































Figure 5-17 shows volume electrical conductivity of PLA/MWCNTs 
nanocomposites foams plotted against volume%. It was shown that as porosity increased, 
electrical conductivity increased as well. Figure 5-18 shows the SEMs of PLA/MWCNTs 
(6 wt%) foams. It was shown that MWCNTs were aggregated in the cell wall region 
which follows foam Case 2 model, causing electrical conductivity increase as porosity 
increase at a given volume%.  
 
  
Figure 5-17. Volume DC electrical conductivity of PLA/MWCNTs foams with various 














































Figure 5-18. SEMs of PLA/MWCNTs (6 wt%) foams. (Also shown as Figure xxx. Figure 
reproduced here for convenient illustration) 
 
5.3.4. Pore size effect on electrical conductivity of foams 
5.3.4.1. Case 1 
Pore size effect on electrical conductivity for Case 1 was not evaluated since the 
assumption for the Case 1 model did not include pore structure in the foam.  
5.3.4.1. Case 2 
Pore size effect on electrical conductivity for Case 2 foam was evaluated at a 
fixed porosity under two different filler length conditions as shown in Figures 5-19 and 5-







percolation threshold decreased, showing improved electrical property. However, beyond 
the percolation threshold, the effect of pore size on the electrical conductivity seemed not 
significant, at least for the 6 µm tube length case. For a short tube length L=3 µm, there 
was conductivity difference observed both at and beyond the percolation threshold, as 
shown in Figure 5-20. In this case, however, the pore size changed from 4 µm to 24 µm, 
instead of an 8 to 24 µm change for the 6 µm tube length case. Three and six times pore 
size difference resulted in very little change in electrical conductivity as shown in Figures 
5-19 and 5-20. However, there was a trend in increase of electrical conductivity and 
decrease in percolation threshold as pore size increases such that foams with the pore size 
of a few hundred of microns could show significant effect. The simulation was limited 









Figure 5-19. Electrical conductivity of foams for Case 2 model at given wt%. Tube 
length: 6 µm. 
 
Figure 5-20. Electrical conductivity of foams for Case 2 model at given wt%. Tube 















































































5.4 SUMMARY AND CONCLUSIONS 
 
A Monte Carlo simulation model was developed to understand and predict the 
electrical conductivity of polymer/MWCNTs nanocomposite foams. Two different foam 
morphologies were considered, designated as Case 1: volume expansion without 
nanotubes rearrangement and Case 2: nanotube aggregated in cell walls. Simulation 
results from unfoamed nanocomposites and Case 1 model were validated with the 
experimental data. The results were in good agreement with those from PEI/MWCNTs 
nanocomposites. Porosity effects on electrical conductivity were investigated for both 
Case 1 and Case 2 models. For the Case 1 model, the electrical conductivity decreased as 
the porosity increased at a given wt%. However, there was no porosity effect on electrical 
conductivity at a given volume%. At a given volume%, the electrical conductivity was 
identical regardless of the porosity. This result allows predicting electrical conductivity of 
foams by density only, if the unfoamed conductivity is known. For the Case 2 model, the 
electrical conductivity did not decrease as the porosity increased. On the other hand, the 
electrical conductivity actually decreased for foams with certain high porosities. This 
result is interesting, since it suggests that it is achievable to reduce the density without 
sacrificing the electrical conductivity by foaming with the Case 2 foaming mechanism. 








Chapter 6. Electrical Conductivity Prediction for Foamed Polymer 
Nanocomposites Using Finite Element Modeling 
6.1 INTRODUCTION 
In Chapter 5, the electrical conductivity modeling and simulation for polymer 
nanocomposite foams were developed using Monte-Carlo simulation. The simulation 
method were validated and used to predict the electrical property of polymer 
nanocomposite foams with different foaming mechanisms, which are Case 1 (volume 
expansion without nanotubes rearrangement) and Case 2 (nanotubes are aggregated in the 
cell wall). However, for the Case 2 model with a large pore size, a large size of 
representative volume element (RVE) and thus a large number of nanofillers are also 
needed. Therefore, there is a limitation on computational efficiency with a large RVE. 
For example, if the size of RVE is small enough so that the number of required 
nanofillers is less than 1000, the computation takes only a few hours to complete on a 
high performance computing system of Mechanical Engineering department in the 
University of Texas at Austin (Two dualcore 3.73 Xeon processors and 24 GB of shared 
memory). However, as the number of fillers increased to 10000, the computational time 
increases to a week. 
In this chapter, electrical conductivity prediction of foamed polymer 







from FEM are compared to those from the Monte-Carlo simulation method. The 
feasibility of using FEM to predict electrical conductivity of foamed polymer 
nanocomposites is discussed.  
6.2 METHOD 
Commercially available finite element analysis package, COMSOL 4.2, was used 
for electrical conductivity analysis. Foam geometric models were generated according to 
the pore size and porosity of the foams and meshed with triangular elements as shown in 
Figure 6-1. Unfoamed electrical conductivity data which is obtained from the previously 
Monte-Carlo simulation method were used to assign the material property of the solid 
portion of the foam.  
 







Electric potential of 1 MV was applied to one side of the foam structure, and the 
opposite side was grounded. The result of the electric potential in the structure is shown 
in Figure 6-2. Electrical current density was obtained from the ground side, and was 
surface-integrated to get the current. With the obtained current data, a resistance of the 
structure was calculated using Ohm’s law (V=I·R). The calculated resistance was 






   
     (6-1)  
where σ is the electrical conductivity, ρ is the electrical resistivity, R is the electrical 
resistance, and L is the RVE cube edge length.  
 
 







6.3 RESULTS AND DISCUSSION 
The electrical conductivity results obtained from FEM were compared with those 
from Monte-Carlo simulation performed using MATLAB. Electrical conductivity values 
for unfoamed polymer nanocomposites to be used as material constants are shown in 
Figure 6-3, which were obtained from the Monte-Carlo simulation method described in 
Chapter 5 with the filler length of 3 µm in a polyetherimide matrix.  
 












































Figure 6-4 shows the electrical conductivity comparison using the two different 
simulation methods for Case 2 foams having a filler loading of 2 wt% and different pore 
sizes and porosities. Figure 6-5 is for Case 2 foams having a filler loading of 4 wt%. It 
was shown in both figures that the FEM method was able to predict the electrical 
conductivity of foams well with provided electrical conductivity of the corresponding 
unfoamed sample. The predicted electrical conductivity by FEM was slightly lower than 
that by Monte-Carlo simulation. However, this shows the feasibility to predict electrical 
conductivity of foamed polymer nanocomposites with minimal computational efforts.  
 
 
Figure 6-4. Electrical conductivity comparison under two simulation methods for Case 2 












































Figure 6-5. Electrical conductivity comparison under two simulation methods for Case 2 












































Figure 6-6 shows the electrical conductivity of Case 2 foams having filler loading 
of 2 wt% at given porosity with different pore sizes (4, 8, and 100 µm) using COMSOL, 
and Figure 6-7 is for electrical conductivity of Case 2 foams having filler loading of 4 
wt% at given porosity with different pore sizes. It is seen from both figures that there was 
no pore size effect found from FEM simluation. However, it was found from the Monte-
Carlo simulation in Chpater 5 that there was a pore size effect on the electrical 
conductivity. As the pore size increased, the percolation threshold decreased and the 
electrical conductivity increased slightly. However, this trend was not able to be found 
from the COMSOL simulation. It is obvious that this method could not detect the pore 
size effect on electrical conductivity, because it considered the solid portion of the foam 
as one homogenous conductive material, such that at a given porosity, proportional 
change in dimensions could not result in change in electrical conductivity. In the Monte-
Carlo simulation, the nanocomposites and foams were considered as heterogeous material 
systems having multiple phases includng the matrix and fillers. Therefore, more detailed 
analysis regarding morphological effects were able to be analiyzed, showing a change in 








Figure 6-6. Electrical conductivity comparison of Case 2 foams having a filler loading of 
2 wt% under different pore sizes at given porosity using COMSOL. 
 
Figure 6-7. Electrical conductivity comparison of Case 2 foams having a filler loading of 







































































Figures 6-8 and 6-9 show the electrical conductivity of Case 2 foams having 
different pore sizes as predicted using FEM and Monte-Carlo (MC) simulation at given 
porosity values of 40% and 80%, respectively. Filler loadings of 1 to 4 wt% were used 
for FEM simulations for both figures. Since the FEM simulation could not identify the 
pore size effect on the electrical conductivity, the electrical conductivity of foams having 
the pore size of 4 µm was plotted on both figures to represent the electrical conductivity 
from COMSOL simulations. It was found from both figures that after the percolation 
threshold, electrical conductivity obtained from COMSOL was very close to the one from 
MATLAB simulation. However, this is only true when the pore size is small. The 
electrical conductivity of Case 2 foams having smaller pore size (close to filler length) 
from the MC simulation was more consistent with the conductivity from the FEM 
simulation. MC simulation has shown that there is a pore size effect in the electrical 
conductivity of nanocomposite foams. FEM based simulation is not able to show the 
difference. In addition, the limitation of the FEM simulation also include that it is not 
possible to determine the electrical percolation threshold. The FEM simulation can be 
utilized only when the percolation threshold of Case 2 foams were determined by the MC 









Figure 6-8. Electrical conductivity of Case 2 foams at a porosity of 40% using COMSOL 
and MATLAB. 
 

















































































6.4 SUMMARY AND CONCLUSIONS 
Electrical conductivity prediction of foamed polymer nanocomposites using FEM 
was performed. The results obtained from FEM were compared with those from the 
Monte-Carlo simulation method. Feasibility of using FEM to predict the electrical 
conductivity of foamed polymer nanocomposites was discussed. FEM was able to predict 
the electrical conductivity of polymer nanocomposite foams represented by the Case 2 
model with various porosities. However, it could not capture the pore size effect in the 
electrical conductivity prediction. The FEM simulation can be utilized to predict the 
electrical conductivity of Case 2 foams when the percolation threshold is determined by 
Monte-Carlo simulation to save the computational time. This has only been verified when 











Chapter 7. Summary and Future Work 
7.1 SUMMARY 
Polymer nanocomposite foams using high performance polymer and bio-
degradable polymer with carbon nanotubes were fabricated, and the effects of foam 
density and pore size on physical properties were investigated. Especially, the effects of 
density and pore size on electrical conductivity of polymer nanocomposite foams were 
investigated both experimentally and theoretically. The accomplishments of the research 
are summarized as follows.  
 PEI/MWCNT nanocomposites and their foams were fabricated using 
solvent-casting and solid-state foaming. It was found that the existence of residual 
solvent decreased the mechanical and thermal properties of the solvent cast 
samples. Mechanical and thermal properties of PEI/MWCNT nanocomposites and 
foams under different foaming conditions were investigated. Addition of 
MWCNTs has little effect on increasing the storage modulus of the 
nanocomposites. High thermal property of the PEI matrix was maintained by the 
PEI/MWCNT nanocomposites and foams. The normalized storage modulus of the 
foams was in good agreement with their unfoamed counterparts. Cell size has 







Volume electrical conductivities of the PEI/MWCNT nanocomposites and foams 
were measured at various MWCNT loadings. Volume electrical conductivities 
with the MWCNT loadings beyond the percolation threshold were within the 
range of electro-dissipative materials according to the ANSI/ESD standard, which 
indicates that those foams could be suitable for electrostatic dissipation 
applications with excellent inherent properties from the high performance 
polymer matrix. The effect of cell size, cell density, and relative density on the 
volume electrical conductivity was investigated. No significant effects of cell size 
and cell density on conductivity were found for the PEI/MWCNT foams obtained 
in this study. However, density of the foams affected the electrical conductivity. 
The higher the density, the less the nanofillers needed to reach percolation. At the 
same CNT loading in wt%, the higher the density is, the higher the electrical 
conductivity will be. This is due to the retention of the conducting path in high 
density foams. However, if the electrical conductivity is plotted against the CNT 
loading in volume%, the density of foams does not show effect on the electrical 
conductivity.  
 PLA/MWCNT nanocomposites and their foams with different foaming conditions 
were fabricated using melt-blending and solid-state foaming. Effects of foaming 







foams. Mechanical and thermal properties of PLA/MWCNT nanocomposites and 
foams were characterized. Addition of MWCNTs increased the storage modulus. 
The normalized storage modulus of foams by (relative density)
2
 was in a good 
agreement with their unfoamed counterparts. By foaming, the glass transition 
temperature increased by 5 °C. Volume electrical conductivities of PLA/MWCNT 
nanocomposites and foams were measured. Volume electrical conductivities with 
the MWCNT contents beyond the percolation threshold were within the range of 
dissipative materials according to the ANSI/ESD standard, which indicates that 
those foams could be suitable for electrostatic charge dissipation applications with 
their inherent biodegradable property. In general, the electrical conductivity of 
foamed samples had a higher conductivity than unfoamed ones. Especially, 
PLA/MWCNT foams with the saturation pressure of 2 MPa and foaming 
temperature of 100 °C showed a weight reduction by 1/10 without electrical 
conductivity sacrifice, which is beneficial in terms of materials saving. At a given 
volume%, as porosity increased the electrical conductivity increased significantly. 
 A Monte Carlo simulation model was developed to understand and predict the 
electrical conductivity of polymer/MWCNT nanocomposite foams. Two different 
foam morphologies were considered, designated as Case 1: volume expansion 







Simulation results for unfoamed nanocomposites and Case 1 foams were 
validated with the experimental data. The results were in good agreement with 
those from the PEI/MWCNT samples. Porosity effects on electrical conductivity 
were investigated for both Case 1 and Case 2 models. For the Case 1 model, the 
electrical conductivity decreased as porosity increased at a given loading in wt%. 
However, there was no porosity effect on electrical conductivity at a given 
volume%. At a given volume%, the electrical conductivity was identical 
regardless of the porosity. This result allows predicting electrical conductivity of 
Case 1 foams by density only if the unfoamed conductivity is known. For the 
Case 2 model, electrical conductivity did not decrease as the porosity increased. 
On the other hand, it increased at certain loadings. This result is interesting, since 
it suggests that it is achievable to reduce the density without sacrifice the 
electrical conductivity by foaming with the Case 2 foaming mechanism. This type 
of foams are promising in such applications as lightweight ESD and EMI 
shielding, because as the product becomes lighter, electrical performance gets 
better at a given product volume with the same amount of MWCNT loading. 
 Electrical conductivity prediction of foamed polymer nanocomposites using the 
FEM method was performed. The results obtained from FEM were compared 







able to predict the electrical conductivity of polymer nanocomposite foams that 
could be represented with the Case 2 model when the pore size is small. However,  
it could not capture the pore size effect. FEM simulation can be utilized to predict 
the electrical conductivity of Case 2 foams when the percolation threshold is 










7.2 FUTURE WORK 
The current research has paved the way for further study, which could include the 
following.  
7.2.1 Validation of Case 2 model 
 In the simulation study using the Monte-Carlo method, Case 2 model was used for 
electrical conductivity prediction without the model validation. Model validation was 
performed with unfoamed and foamed PEI/MWCNTs nanocomposites. Case 2 model 
was generated with the assumption that PEI/MWCNTs nanocomposites were foamed 
having large pores in the structure, and MWCNTs cannot be present in the pore region. 
Miller et al. found that solid state foaming of neat PEI gave the maximum pore size of 
around 4 µm [101]. Pore size is expected to be smaller if nanofillers are incorporated. 
Instead of solid state foaming, using chemical foaming method, PEI/MWCNTs 
nanocomposites foams could be fabricated having the Case 2 structure with larger pore 
sizes (4 µm and larger), such that the model Case 2 could be validated with the 
experimental results. 
 
7.2.2 Simulation of Case 2 model with large pore size (a few tens or hundreds of 
microns) 
In the current simulation study with Monte-Carlo simulation, there was limitation 
on the computational time for Case 2 model simulation with large pores due to the large 







distance evaluation among tube segments. The computational time increases 
exponentially as the number of tubes increases. To investigate the pore size effect, it 
could be considered to simplify wavy tubes to straight sticks such that the computational 
time could be reduced dramatically.  
 
7.2.3 EMI shielding effectiveness 
Thomassin et al. [3] found that foaming of conductive nanocomposites not only 
decrease the density of the product, but also increase the ability to absorb electromagnetic 
waves instead of reflecting them in EMI shielding applications. Their objective of study 
was to investigate the effect of foaming itself on EMI shieling effectiveness. It would be 
worth studying the effect of different foaming mechanisms discussed in this study (Case 
1 and Case 2) on EMI shielding effectiveness. In addition, in the same foaming 
mechanism group, effects of foam density or pore size could be also investigated. By 
doing these, it is expected to find out what would be the most important contribution 
















Figure A-1. Equivalent resistor network 
MATLAB simulation determines the connectivity among each tube by distance 
measurements and this information can be used to construct SPICE (Simulation Program 
for Integrated Circuits Emphasis) code for resistors as shown below. 
Resistor name, node number, node number, resistance value 
Node numbers can be replaced by tube numbers which are connected and 
resistance value also can be assigned as discussed in Chapter 5. Tubes extruded on one 
side of the RVE cube are connected to the ‘9999’ node, and the tubes extruded to the 















converting those tube numbers to 9999 and 0 for corresponding sides when the total 
number of tubes used was less than 10000.  
 
Figure A-2. A schematic of Multisim 12 to get net resistance of the system 
 
Modified SPICE file is loaded to “Arbitrary SPICE Block” and a multimeter is 
connected to two nodes which are extruded to the opposite side of RVE cube and the net 
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